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ABSTRACT

The omni-present low frequency wave motion (30-300 sec) contains a substantial

fraction of the total wave energy inside the surf zone. A more complete description of

nearshore wave processes considers incident short period wind waves superposed on,

and interacting with, long standing waves. The wind waves are modulated in

amplitude, wavenumber and direction due to relatively slowly varying depth changes

caused by the long waves. The energy in the wind wave band is enhanced by side band

growth at the sum and difference frequencies of short and long waves (order 15% at

the shoreline). The modulation is identified in the analysis of field data as a positive

correlation between the long waves and the wind wave envelope ncar the shoreline.

Considering oblique incident waves, a steady longshore current showing a

non-vanishing current at the shoreline is found as a result of the non-linear interaction

between monochromatic incident and infragravity waves. An analytical solution

describing the unsteadiness of the longshore current is developed. Applying the derived

longshore current solution, longshore sediment transport is reformulated to include the

infragravity waves, giving improved comparisons with field measuremrents.
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1. INTRODUCTION

Sea waves are generated by wind, and as they propagate towards the shore they

deform due to shoaling and may refract if they are oblique to the bottom contours or if

they meet a current. The waves grow in height until they become unstable and break.

dissipating their energy. The processes of breaking waves on a sloping bottom make

the surf zone an extremely dynamic area where different observable phenomenae take

place, such as longshore current, sediment transport and wave runup (setup and

swash). Due to this complexity, the proper modeling of wave motion in the nearshore

zone has been the goal of many investigators, and yet much remains to be done before

a satisfactory understanding is achieved.

The surf zone can be characterized dynamically by three regions: the outer.the

inner, and the runup region (Svendson et al., 1978), (see :ig 1.1). The outer region

follows the breaking point and is dominated by incident breaking waves. The breakinE

waves are of either the plunging or spilling type, and are characterized by a rapid

transition of wave shape with a horizontal surface roller. In the inner region, the wave

forms break down into smaller scales of random and turbulent nature and eventually

become similar to moving bores, or hydraulic jumps. [Fle run-tip region is

characterized by wave setup and swash oscillation running up and down the beach

face. In all regions, the wave height and the water motion are strongly locally

controlled by the depth. The depth controlled waves are referred to as "saturated."

In general, surf zone dynamics are found to differ dramatically between rellective

(steep) beaches and dissipative (gentle slope) beaches (Bradshaw, 1980). Typical

features of the reflective beaches are high reflection of incident waves, collapsirg or

surging breakers on the beach face, and subharmonic resonances (e.g. Guza and )avis,

1974; Guza and Inman. 1975; lluntley and Bowen, 1975b, 1978; Wright et al., 1979).

Dissipative beaches are dominated by spilling breakers, pronounced low frcqieC:cy

oscillations and the presence of multiple parallel longshorc bars (c.g. luntley and

liowen. 1 9 75a: Short, 19 -75; Sasaki and I lorikawa, 1975; H olman et al.. 197S: Svmomdk

tThis St vwil focus On the dynamics of dissipative belches in which the

inner recion is assumed to be a transition region between recions dominated ly

incident breaking waves and low Frequency swash.
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In the past decade, considerable attention in the literature of beach and

nearshore dynamics has been devoted to the kinematics of low frequency waves. These

waves, which have periods ranging from 30-300 scc, are referred to as "infragravity

waves." The observations show that the dominant wave motion closer to thc shore is

not normally at the incident wave frequency band. It is also found that the low

frequency wave energy in the very nearshore region contains a substantial fraction of

the total wave energy (Inman, 1968 a,b; Suhayda, 1974; Goda, 1975; Huntley and

Bowen, 1975b; Sasaki and tlorikawa, 1975,1978; luntley, 1976; Wright et al.,

1978,1979,19S2; Bradshaw 1980; Holman, 1981; Huntley et al., 1981; Guza and

Thornton, 1982,1985a,1985b; and others), (see Fig 1.2 for example). The valley in the

energy spectra, where the energy level reaches minimum, suggests an empirical cutol"

frequency around 0.03l Hz that separates the two wave bands. Therefore, a complete

description of the wave field in the surf zone should include two relatively separated

bands of wave frequencies : (1) incident sea-swell waves (short period waves) with

periods of 1-30 sec, and (2) infragravity waves (long period waves) with periods of

30-300 sec, which no longer can be neglected inside the surf zone.

Prior to the 1950's, the incident wave characteristics were the main concern when

measuring and analyzing waves in the nearshore zone. Munk (1949) and Fucker (1950)

were the first to point out the existence and significance of low frequency motion and

called the phenomenon "surf beat." More recently, with renewed interest in nearshore

processes and with major improvements in the instrumentation, it has become apparent

that the low frequency wave energy can be as important as the incident wave energy

when approaching the shoreline. Another motivation for the study of the infragravity

waves is the coupling between the infragravity length scales (order of hundreds of

meters) and the length scales associated with most of the rhythmic beach features such

as sand bars, beach cusps and crescentic bars. Many investigators have relatcd the

beach morphology changes to the existence of low frequency motions by which a

mechanism of forming and maintaining such topographic features is provided (Bowen
and Inman, 1971; Guza and Inman, 1975; Bowen, 1980; lolman and Bowcn, 1982:

Bowen and Iluntley, 1984; and others).

In analyzing surf zone data, there are oftcn anomalous patterns of water niotion

closer to the shoreline when compared with present short wave models. lor example.

the spatial distribution of wave height mcasurcd in both the laboratory and field ofthen

shows unexpected wave height at the shoreline (e.g. Sutha da and lettigrew, iH- .

13
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Battjes and Stive, 1)9:5), ( ee for example Fig 1.3). Bowen, et al. (1968), in measuring

the setup, found a rcsidu;il wave height always present at the shoreline and modified

their setup formula at the beach face to fit the data. Suhayda and Pettigrew (1977)

measured the avcrage wave velocity across the nearshore zone and found it to decrease

shoreward until the swa-swash limit of the run-up zone was reached, and then to

increase onshore, supporting Waddell's measurement (1973). Thus, the wave height

and celerity do not vanish at the vicinity of the shoreline, invalidating the widely

applied short wave saturation assumption.

The assumptions of wave saturation and steady state conditions for both

monochromatic and random waves, results in a zero current at the shoreline. In

addition, the steady longshore current assumption is often unrealistic, especially with

the presence of irregular oscillating waves (Wood and Meadows, 1975). This is often

seen in field data that show longshore velocity oscillations at longer wave periods than

for incident waves (e.g. Holman and Bowen, 1984; Guza and Thornton, 1985a;

Oltman-Shay and Guza, 1986). Using an empirical orthogonal function (EOF) analysis

on 64 data sets covering a wide variety of wave conditions, Guza et al. (1986) obtained

objectively best fit to the longshore current distribution. The analysis showed the

"classical parabolic" shape for the longshore current distribution (Bowen, 1969) over

most of the surf zone, but with significant residual velocity at the shoreline (Fig. 1.4).

In the analysis of the same data, Wu et al., (1985) found a poor agreement between

longshore current theory with velocity going to zero at the shoreline and data closer

to the shoreline. All present models predict zero current at the shoreline, and no model

is available to explain the unsteadiness of longshore current.

Improving the longshore current description is important because it provides the

driving means of transporting sediment alongshore (Longuet-Iliggins, 1972). The

available longshore sediment transport models (e.g. Bijker, 1971; Thornton, 1973;

Komar, 1977; Sawaragi and l)eguchi, 1979; Bailard, 1981), all show a longshore

transport maximum closer to the breakerline, which agrees with the longshore current

distribution. The shortcoming of these models is their failure to predict any moving

sand at the shoreline tegardless of the wave conditions. Zenkovich (1960) mcasured

the suspended sediment transport distribution across the surf zone using fluorcscent

sand tracers. Sand transport was found greater over bars where energy dissipation is a

maximum due to wave breaking and also at the shoreline, (see lig 1.5). Measuring

longshore sand transport distribution using sand tracers. Kraus ct al. (1981) [ound a

15
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distinct bimodal distribution having maxima at the brcakerline and near the shoreline.

The same results were obtained by Downing (19S4) when measuring the suspended

longshore sediment distribution. Abdelrahlnan (1983) compared longshore sediment

transport at Santa Barbara beach with his predicted longshore sediment transport

model based on the widely accepted energetic concept by Bagnold (1963). The model

did not predict the large transport in the vicinity of the shoreline since theoretical short

wave description gives zero amplitude at the shoreline. It was suggested a primary

cause of these difltrenccs was the presence of infragravity waves, which have not been

taken into consideration before.

In recognition of the importance of the infragravity waves in the surf zone, an

obvious next improvement in the description of waves kinematics is to combine the

infrauravitv waves with the incident sea-swell. As a result, the incident waves would be

modulated in amplitude, wavenumber and direction. -lhe purpose of this dissertation is

to improve the understanding of nearshore processes by generating and applying such a

composite wave description.

As will be seen, the interaction of the short waves with the long waves results in

energy not only at their respective frequencies, but energy transferred to side bands of

the incident waves at the sum and difference frequencies. It is tile energy and

momentum at the side bands that is primarily responsible for the inner surf zone

dynamics. The dynamical changes are demonstrated by the successful treatment of

using the first order wave description in the momentum flux equation to obtain a

second order dynamical effect. I lowever, inclusion of infiagravity waves does not

mean introducing more independent parameters since the inlragravity wave energy is

assumed related to the incident wave field.

In the following chapter, a description for the short and long period x a cs is

presented. The short period waves arc described by linear (Airy) theory, while the long

period waves on a sloping bottom are described by either cross-shore standing wavc

(2-1)) or edge waves (3-I)). In chapter 3, the changes 'n the amplitude and

\wavenuniber of the short waves superposcd on long waves are discussol ,,\n anal tical

expression describing the modulated surflace elevation of tile short waves is developed

along with their cncv, and momentum. Chanucs in the- wavc kinen atics are

considered with the low, period waves treated as a slowly varxin, current. In chapter

4, narrow banded wave data are analyzed to examine the hypothesis of short wave

modulation by the long waves. The dynamical effects of Considering the infliagra itv

17
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waves inside the surf zone arc investigated. Analytical models for calculatin" Wave

setup, longshorc current and scdimicnt transport arc developed in chapter 5. An

analytical solution to the unsteady longshore current is derived. M1odel validation and

comparison with othcr models are Included in chapter 5. The conclusions of this study

are presented in chapter 6.
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il. WAVES IN TIlE NEARS!lORE ZONE

A wave record of incoming waves usually contains short period waves (1-30 sec)

and long wavcs (30-300 sec). To study first order modulations of' short waves

superimposed on long waves, tihe principle of superposition is apflied. Therefore, the

non-linear wave thcories are cxcluded in this study. A chosen Cartesian coordinate

Ssystem is illustrated in Fig. 1.1 where thc positive X-axis is directed offshore, the

positive Z-axis is vertically upward and Y is alongshore. This coordina 2 system is

convenient for des.ribing the ollshore decay of the standing long waves. Linear

descriptions of both sea-swell and infragravity waves are discussed separately. Short

waves are derived from linear wave theory over a filat bottom, then using shallow water

approximation to describe short waves in the nearshorc zone. lnfragravity waves are

derived from shallow water equations on a sloping bottom.

A. SHORT PERIOD WAVES

In general, waves in a viscous fluid propagate over irregular topography of

varying permeability. In most cases, the main body of the fluid motion is rcasonably

assumed irrotational since the viscous eflieCts are usually limited to a thin boundary

layer near the surface and the bottom. Surface waves are considered a boundary value

problem.

Linear wave theory (small amplitude waves) is considered a first order

approximation to the theoretical description of wavc blhaviour. It is a ssumcd that the

wave amplitude , a, is very small compared to both the wavelength 1. and the local

water depth h, (a < < I. and a < < h). The fluid is assumed incompressible,

homogenous, imviscid and also irrotational, by which a velocity potential (p should C\ist

to reprscnt the field of the flow:

u --2
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%%here Z is the velocity vector. lEquation 2.1 satisfies the continuity equation V . =O,

by which the governing dilf'rential equation (Laplace equation) is obtained:

2'. -h < z < n-) )
¢ = 0 -~z f (2.2)

S-, < X < CO

With the proper kinematical and dynamical free surface and rigid flat bottom boundary

conditions, the method of separation of variables is used to solve equation 2.2 Then,

the %elocity potential is given by

ag cosh k(h+z) cos(kx + wt) (2.3)
,,sinh kh

where a is the wave amplitude, w = (2nt/T) is the radial frequency, and k = (2rl.) is

the wavenumber. 1 he surlhce elevation q is periodic in both space and time.

n = a cos (kix i + ,wt) , 
= 1,2 (2.4)

where i = 1,2 refers to conditions in the X and Y-dircctions. The description of the

wavc motion is completed by the dispersion relationship,

2
= gk tanh kh (2.5)

which arises from the dynamical free surface boundary conditions. The hori/ontal

vclOcity under the wvaxe is given by

u a, .cosh k(h+z) cos (kx + wt)
sinh ks (2.6)



arid the vertical v'elocity

a sinh k(h+z) sin Ckx + wt) (2.7)
W = sinh kh

Swvcll waves Propagating from deep water are nearly sinusoidal with long low

crests. As waves approach shallow water, thecy start to fedl the bottomn anid deformi at

relative depth h; ., < 1,2. The wavelength decreases while thc wave hciguht generally

increases, anid the wave period remains invariant. The hyperbolic funion01s have

convenient deep anid shallow xN ater asymptotes by which an approximate soIlution Canl

be obtained. In shallow water, thc linear gravity waves are non-dispersivc since the

dispersion relationship reduces to

2 2(28w = k h(28

anid the horizontal and vertical velocities simplify to

U = a v'g/h cos(kx + wat) (2.9)

W = aw (1 F)sin (kX + wat) (2.10)

On dissipative beaches, long crested swell waves break when the wave steepness
increases arid the velocity of the water particlcs at the crest exceeds the phase speedk of

the wave f'orm. In the in ner surf zone, bores retain thecir relatively long crested f'ori
anid progressively dcrease In highit as Lthey advance onshore. l)Lue to tairbulence and

non-linearities associated wvith the breakinig process, the motion of the wlater particles

;aIler breaking can no longer be descrihed analytically. As a first approximation, the
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wave or bore height, 1I, at any location inside the surf zone is limited by the local

depth according to the saturation assumption, i.e.

H = (2.11)

where y is a constant of' order unity. This relation holds for spilling breakers, the most

common breaker type on natural beaches. Ihe breaker Index y is important in

describing the breaking waves used in longshorc current and sediment transport

models. [his linear relationship is expected on dimensional grounds ( l.onguct-l I i"gins,

1972) and gives a reasonable description of laboratory results lor monochromatic

waves (e.g. Galvin and Lagleson,1965) and field measurements during conditions of

both broad and narrow spectral distributions of' wave energy (Thornton and Guza,

1982), (Fig. 2.1).

Very close to the shoreline in the run-up region, the fluctuating component of the

wave runup about the mean water level is known as "swash oscillation." M iche (1951)

hypothesized that monochromatic waves within the surf zone may be composed of

both a progressive component, which is dissipated onshore and has zero shoreline

amplitude, and a standing component, which has its maximum amplitude at the

shoreline. Many laboratory studies (Moracs, 1970; Battjes, 1974; Guza and Bowen,

1976; Van Dorn, 1976) report that the shoreline swash amplitude as is limited by the

swash parameter c,

2
aA

C S S= - s (2.12)
s gt32

where tan I1 is the beach slope and c varies from one experiment to the other in the

range from I to 3. (iuza and lhornton (1982) attributed this variation to the

ill-dcfined nature ofthe backwash (run-do ni). I lunt (19)59) related the total runup R"

defined as the sum of setup and half the swash amplitude, to the surf' similaritv ':%o

with an empirical constant NI:
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R; ls M O = M tan 11/(H0 1,0) (2.13)

where H sig is the significant wave height and the subscript 0 denotes the deep water

conditions.

Iluntley et al. (1977) showed a swash "saturation" condition at incident wave

frequency, i.e. with increasing wave height, the steady set-up will increase but the
swash amplitude will not. Guza and Thornton (1982) found a (0' spectral decay at

incident wave frequencies, indicating that energy levels are independent of incident

wave height, although luntley et al. (1977) have shown W-4 dependency. The swash

saturation condition is found to be true for both monochromatic and random swash

fluctuations (Guza et al., 19S4). Swash at low frequency is found to be unsaturated,
i.e. the swash amplitude increases with increasing incident wave height. Most of the

low frequency energy is found to have infragravity wave periods. Thus swash spectra

show a saturated region at incident wave frequency and an unsaturated region at low

frequencies that dominates the whole spectrum.

To evaluate the amount of runup, swash studies have been mainly concerned

with measuring the swash amplitude at the shoreline without putting much emphasis

on the generation and types of the dominant low frequency motions. It is of interest

now to investigate the forms of this low frequency water motion that give maximum

anplitudc at the shoreline.

B. LONG PERIOD WAVES

The long period waves presented in this work are limited to waves having a time

scale of 30-300 seconds where gravity is the primary restoring force.

1. Infragravity Wave Models

The principal wave types that may contribute to the low frequency motion on
beaches can be summarized by their mathematical formulation as follows:

(i) 2-I) model the wave motion is mainly in the cross-shore direction and is
known as surf beat or "leaky niodes."

(i) 3-I) model : the wave motion has longshore variation and is known as edge
waves or "trapped modes".
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The mathematical forms of both waves arc dcrived from the linear shallow

water wave equation on a sloping bottom

+2 (2.14)
; g{2- h L-) + y 0

In the 2-1) model , the wave energy is rcflected offshore and the solution

obtained is a standing wave expressed in terms of the zero order Bessel function of the

first kind, JO (Lamb, 1932; Fredrichs, 194S)

,$(x,t) = _a J j sin wt (2.15)

where C = (4(2 x/ g tan j)l/2 and a is the amplitude at the shoreline. It is noted that

the Besscl function of the second kind, YO , is excluded since it is unbounded as waves

approach the shoreline. The surface elevation and the associated orbital velocities are

given by

n(x,t) - a 1(0 )cos wt (2.16)

u(x,t) = a ¢g/h J M(X) sinwit (2.17)

W(x,t) = - a .) sin wt (2.18)

, In tile 3-1) modcls, the edge waves are free waves that propagate along the

coast with thcir encrgy ttippcd onshore by refrtction, i.e. they do not radidte energy
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off~shore. Stokes (1846) was thc first to provide an analytical solution to describe cdge

waves using a small amplitude wave assumIIption. Eckart (1951) solved cLquaLtion 2.14

a naly tic ally in terms of' Laguerre polynomials Lri (2k , x). The solution of progrcssivc

edge waves is

e kYxL(2 k x)cos(k y - .at) (.9

where k yis the Iongshore wavenumber, and n is an integer number which represents

thc edge wave mode number. Each discrete miode contains finite energy, and the n-th

mode edge wave will have n zero-crossings after which the amplitude decays

exponentaially. Ldeec waves obtained by Eckart (1951) must satisfy the dispersion

relationship,

W2 gk (2n+1) tan (2.20)

which requires (2n +- f)tatip < < I to insure that the solution achieves its liniting value

as k yx r - 0 while still in shallow water.

Urscll ( 1952) w~as able to obtain a set of "exact" edgze wave solutions on a

sloping bottomn using the small amplitude wave theory without recourse to the shiallow

water approximation. I lis solution satisfies a slightly diflercnit dispersion relationship

W2 gk sin(2n+l)a (2.21)
9 y

and thle SOIlutionl lies withinl the range ((2n + 1)11 ) <5 Ir' to insure a cutoff mode for a

given beach slope. !Jrscll (1952) showved that Stokes'( 1846) edge waive solution is only

the zero Mode Of hIis solution. For gentle beach slopes jild low mode numbers, both
dispersion relationships 2.20) and 2.21 are ini agreement, suggesting Ittleshlw

water approximation is appropriate tinder these conditions, (( hiza and D avis, I 4). 1. It
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is noted that the approximate Eckart (1951) solution is more comnonly used in

comparisons with field data due to its simpler mathematical formulation. In the field

data analysis, a difficulty in discrinfinating between leaky" and edge wave modes for

small offshore distances arises because of the similaritv of their cross-shore structures.

Also, both waves have maximum amplitude at the shoreline. Fig. 2.2 shows such

sinilarities between higher mode edge waves and reflected waves.

In summary, the low frequency motions may be classified as edge waves, leaky

modes, forced waves or a combination as shown in Fig 2.3, (after Symonds, 19S2). A

complete set of free wave solutions of discrete edge waves occurs for 0)2 < gk, while a

continuum of leaky mode exists for wo2 > gky. It is noted that the forced waves may

lie between the edge wave modes, but they do not satisfy the dispersion relationship

and are weaker than the free modes since edge waves may grow resononantly as they

are excited.

2. Generation of Infragravity waves

Munk (1949) and Tucker (1950) suggested that the long period waves may be

caused by an excess of mass carried forward by groups of high swell. The swell waves

are assumed to be destroyed on the beach, and the excess mass transport is reflected

back as a fiee long wave. They tested this hypothesis by comparing offshore pressure
records, delayed by the calculated travel time of the incident wave envelope. Tucker

(1950) observed a negative maximum correlation between incident wind wave groups

and the infragravity waves at a time lag equivalent to the travel time of a forced wave

moving with the wind wave group veloity and traveling back upon reflection as a free
wave.

Longuet-Iliggins and Stewart (1962) showed that the variations in the

radiation stress due to incident wave grouping drive a forced wave such that a

depression of the mean water level (MWL) will occur under incident high waves, and a

corresponding rise in MWL occurs under low waves. This forced oscillation of second

order is associated with groups until the incident waves break onshore and release a

free wave offshore, which theoretically supports the above observation.
Gallagher (1971) suggested edge wavc excitation through a non-linear

interaction whereby two incident waves can transfer cnergy into an edge wave if the
diffIrence frequency and longshorc Awavenumber of the two interacting wind waves

satisfy the edge wave dispersion relationship, equation 2.21 . This rcsonance has been

observed in the laboratory (Bowcn and Guza, 1978).

29



0LLJ /

LLJ / 01
0 U

LU c~,- 
C\

L 1
00

(X)C

30

.
Sl



Incident waves may transfer energy to either leaky or trapped modes through

many possible interactions. One of these is given by Guza and Davis (1974) where

energy is transferred into edge wave modes through a non-linear interaction involving a

normally incident standing wave on a sloping bottom. Bowen and Guza (1978) showed

energy transfered into leaky modes ((o2 > gkv ) by edge waves.

Another mechanism for low frequency wave generation is suggested by

collision between the stronger component of backwash and the shoreward moving

bores that results in roll waves which last for few seconds. On analvzim, swash data,

Waddell (1973) found that the collision between uprush and backrush plays an

important role in reducing the cxtent of swash runup waves. Furthermore, he

suggested that water percolation into the beach serves as a low-pass filter affecting the

swash frequency. Bradshaw (19S0) suggested bore-bore capture as a mechanism for

long wave generation in the swash zone. Mase and Iwagaki (1984) showed a

considerable shoreward decrease in the ratio between the number of runup waves to

the incident waves.

Symonds et al. (1982) developed a 2-D model for generating long waves which

is forced by a time-varying break-point caused by the groupness of the incident wave

field. The generated free long wave at the group frequency has a standing wave

structure shoreward of the breakpoint and an outgoing progressive wave structure

seaward of the breakpoint.

In the above survey, both short and long wave models are described separately

showing difI'erent characteristics. It is of interest now to combine the two waves and

study the changes in the incident wave (short wave) field due to the presence of longer

period waves.
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111. SHORT WAVE MODULATION DUE TO LONG WAVES

When short period wavcs ride on much longer waves, they arc modulated in

amplitude, wavelength and direction. Their amplitude tends to increase at the crests of

the long waves and decrease at the troughs. The changes in wavcnumbcr and direction

depend mainly on kinematical considerations. In this chapter, the changes in

wavelength, direction and amplitude are investigated. A development for the

corresponding changes in energy and momentum flux then follows.

A. ChIANGES IN TIlE WAVE AMPLITUDE

The amplitude modulation of a short progressive wave riding on a much longer

wave was pointed out by Unna (1942, 1947). Unna (1947) showed a contraction ofthe

wavelength and an increase in the amplitude of short waves at the long wave crests.

Longuet-llaigins and Stewart (1960) used a perturbation analysis to examine the

non-linear interaction between short and long progressive waves over a horizontal

bottom. They describcd the surface elevation

= a sin i + a sin (3.1)

where y = (kx- o t + 0 ), is the phase function and 0 the phase shift. The subscripts

s and e refer to the short and long wave respectively. Using Stokes' method of

approximation to the second order, they derived a general form for the modulated

surface elevation

= a (1 +P)sin s + as Qcos s (3.2)

where I = 1 kt sin lj and Q = -ae ks cos y . Using the first term in the right hand

sid- of equation 3.2, longuCt-Iliggins and Stewart expressed the modulated short wave

amplitude as
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a a{1l+ a k, ( 3cothk~h + 1-tanhkh)sin (3.3)

and a modulation in the short wave wavenumnbcr, k' , as

k' = k S 'l + a z cothk zh sinip,) (3.4)

In shallow water, equations 3.3 and 3.4 rcduce to

s T -h s P)(3.5)

sv h l+ sn (3.6)

These amplitude and wavcnumbcr modulations are explained by the work done by tile

long waves against thle momentum of thc short waves. This work is convcrtcd into

short wave energy and theref'ore produces a steepening of the short wave at thle crests

of the long wavcs, i.e., the energy is redistributed along the wavelength of thle long

wave. ILonguct-l liggins and Stewart (1960) came uip with equations similar to 3.3 and

3.4 for a progressive short wav'e superposed on a long period standing wave in which a1

was~.p described as 2a,

1. Deternfination of theL Modulated W~ave Profile

It is of' interest now to show that the refractive changes in amplitude and

wvavcnUmber due to thle non-linear interaction may result inl a modulated short wave

expressed as anl infinite sumn of components at dil1'erent frequencies. Thecn, the

properties of the modulated wave are investigated to providc a hetter undlerstanding of'

the miodulationl process. The procedure is to let the modulated short wvave, designated

bw primecs, propzwate in the same wave direction and satisfy

a' sin (k'x - .')(3.7)
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Substituting equations 3.3 and 3.4 into equation 3.7, and letting 0) W , yields

a a' sin (,.; + mk sin z (3.8)

%%,here ink =ae ke ks x coth hc l is defined as a non-dinicnsional wavcniumber

(wavenuniber mo1dulation factor). [quation 3.8 is a general form of amplitude and

wasenumbe~hr modulZtionI. lI..uation 3.8 reduces to the simple form ii' = a sin y
wvherin k < < 1. Lxpanding equation 3.8 uIsing trigonometric identities, gives

r, a'{is in ,, sCos (Mk sin 1' z + cos ipS i (rnk sin .)(3.9)

Using F~ourier series e~pansions to express the sinusoidal arguments (Abramowitz and

Stegiini, 190)*, gives

=i a' J (M ) s inqi + n i) (3.10)

In the above analysis no assumptions have been made regarding either applicable

regions or the inal properties of the two interacting waves. Equation 3.10 oflfers a

meanis of* exprcssinig the modulated short waves as a combination of spectral

componentis hascd on mionociotnatuC input. Thei short wave is viewed now as a

caniricr sbjeICted to a sinnIl1t.11neo~s amplitude and phase modulation, ( Panter, 1965).
( ha ,11gm c, the limi1ts of' Sulmmation, eq nadtion 3. 10 becomes

no a'J 0 (mk) s in ,, (311

+ as J J(M) Hsin( +n, )+ (-1)n in(p -fl,,I

Vn=1 k S £.S
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The first term has tile form of the solution for waves at tile incident wave frequency

propagating on a sloping bottom but with a difIerent Bessel argument (see equation

2.16 ). lhe remaining terms reprcsent the side bands at sum and difference frequencies

( ±s ni1 ) where they are phase locked. This solution is dependent on tile argument

.,,k and converges rapidly as n increases.

In shallow water, the Bessel function argument mk reduces to 2 (a /li) ks x

for the case of progressive short waves superposed on long standing waves. The

argument '1k is found to increase onshore (Fig 3.1), where the computed values of mk

are evaluated until closer to the shore (x = 1 cm) before mk reaches o . Due to the

onshore increase of mk , 1n (ink ) decreases onshore, oscillating rapidly and reaches

zero at the shoreline (Fig 3.2). Note the difference in behaviour of the Bessel functions

in equation 3.11 and 2.15, where the Bcssel argument allows the amplitude of the long

standing wave to reach a maximum at the shoreline. For breaking short waves on a

long period standing wave, the depth limited breakers is utilized to describe a. (= y h)

in equation 3.5 . Substituting a' into 3.11, yields
a

.  = -yh[Jo(rk)sin s + 4 -- J1(mk)cos s

+ yh[Jn (mk) I sin ( s +i ) - (-1)sin( p-n1P,9 0 (3.12)

3 a

h n(Jn- 1(mk) -Jn+l k) cos (P s +nr1) - (-1)n s(psr

Two distinct features of this solution are demonstrated in the amplitude squared

spectra (Fig 3.3). First, symmetric side bands are generated about the carrier (Fig 3.3

a). [I1fe second feature is the trans'er of short wave energy to the upper and lower side

bands as the depth decreases (Fig 3.3 b), which causes broadening of the wave spectra.

It is also noted that the amplitude of the spectral components decrease shoreward.

The instabilities associated with the side bands generation are attributed to their spatial

structure and phase variation. It is shown that the side bands energy is modified by

the decreasing depth. The modulation may contribute to the infragravity waves by

strengthening the low fiequcncy energy component closer to the shoreline, which has

prciously been observed. Waddcll (1973) presents evidence of nonlinear transfer of

cnergy f'rom high to low frequency due to collision, where successive bores begin to

overrun each other. lowever, luntley and Bowen (1975b) suggested that energy

trans ers arc due2 to tile intcraction of many irregular spaced breakers in the surf zone.
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Sawaragi and Iwata (1974) studied experimentally the wave transformation after

breaking and observed energy transfer front the carrier into higher frcquLency wavcs by

an unknown mechanism. The present analysis may be used to illustrate some of these

findings. Equation 3.11 shows that the beach does not eliminate the incident wave

frequency and that the modulated wave energy components and the incidcnt wrave

frequency vary spatially.

B. CHANGES IN TIE WAVE KINEMATICS

1. Background on Wave Kinematics

At any instant of time, a wave front is defined by the phase function Ni =

constant, which is the equation of a fanfily of parallel planes with normal vector k. As

time increases, these planes move with the phase speed in the direction k.

In general, the dispersion of the wave motion may be written

= w(k,h) (3.13)

where the frequency varies with both the wavenumber and the local water depth. The

local wavenumnber and frequency are defined by the gradient of the slowly varying

phase function in space and time:

k (3.14)

3t (3.15)

Since the curl of a gradient is zero, it follows immediately from equation 3.14 that the

local wavenumber vector in space is irrotational, i.e.,
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Sk = 0 (3.16)

Cross diffIrentiating equations 3.14 and 3.15 to eliminate Vi yields

+ 7W 0 (3.17)
5t

Equation 3.17 is known as the kinematical conservation of wave density, where the rate

of change of wavcnurnbcr is balanced by the convergence of the frequency. Sometimes

3.17 is also called the "conservation of crests equation,' since the crests arc neither

created nor destroyed and their total number must be conserved.

Rewriting equation 3.17 in tensor notation and expanding the convergence

term using the dispersion relationship in equation 3.13 gives

3ki 3k. ah 0 1,2 (3.18)

t 3k. x ih 3xi

Equation 3.18 can be rewritten as

3ki + + 20, i 1,2
t gj 3xj 3h 3xi  (3.19)

where k/ xi = ki /0 xi from equation 3.16, and the group velocity is defined by

Cg i  3k. (3.20)
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2. Kinematics of %aves on current

In studying the problem of short gravity wavcs superposed on waves of a

much longer wavelength and period, the long wave may be modclcd as a slowly varying

current l'x,t), (e.g. Longuet-lliggins and Stewart, 1960, 1961; Garrett and Smith,

1976). A coordinate systcim that moves with the current velocity is chosen, by which

the observcd frcquency (o , passing a fixed point, is given by

1 t +k *U (3.21)
S S

where w)s is the intrinsic frequency, (Ursell, 1960; Whitham, 1960). 'he subscripts s

and I refer to short and long wave properties. The second term on the right hand side

of 3.21 is due to the relative motion of short waves with respect to the chosen

coordinate and is known as the doppler shift efiect.

"lhe short wave will be modulated by the presence of the current, and

therefore the modulated short wave (denoted by primes) is assumed to satisfy equation

3.17, i.e.,

ak' + 7W 0 (3.22);t

where k' , the observed (modulated) wavenumber, is unknown and assumed unsteady.

The observed frequency t) is given by equation 3.21 . Expanding equation 3.22 gives

Ski + h + !kiUi 0 (3.23)
3 t h 3x. 3x.

where the quantities ki , cg and (t) are for the short waves, and U is the current (long

waves).

Assuming a steady intrinsic short wave train; i.e., a ks 0 t = 0, equation 3.23

may be simplified by the use of equation 3.19 to give
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5k U.
+ 1 0 (3.24)

3 t OX .i

which describes the kinematic conservation of tie modulated wave density.

3. Applications

Thc flollowing analyses demonstrate the efficiency and simplicity of equation

3.24 in examining the wavenumber changes of short waves riding on a current of

longer period. Two dilhrent bottom topographies arc considered: flat bottom and

plane sloping bottom. l)ifferent current models are applied.

a. JJ'aves on a Current in lWater of Constant Depth

The current will be modeled as a progressive or standing long period wave.

i. Current as a progressive long wave

The short wave is assumed to propagate over a flat bottom and to be

parallel to the long wave (collinear) in the X-dircction. The current U is described by

the orbital velocity of a progressive long period wave,

cosh k (h+z)
U, a U inh kfh sin (3.25)

which corresponds to a free surface elevation, l at sin y . Substituting into

equation 3.24 gives

k' cosh ki(h+z)
3k + k [aW k ih sin ] = 0
tk A I z sinh p (3.26)

Equation 3.26 is easily integrated over time to give

k - k k, cosh :(h+z) cos Constant (3.27)
s z sinh Rh
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where the constant is evaluated at U = 0, so that k ' = constant = ks ,i.e. the

wavenumber will not change if there is no current. Then, the general solution is

obtained such that

k = k [1 + _U]c C, (3.28)
x A

which describes the wavenumber changes due to the non-linear interaction between the

short wave and a progressive long wave using a kinematic approach. Evaluating

equation 3.25 at the free surlace, z = 0, equation 3.28 may be written

k" = ks ( I+ atkicoth kth sin Vt )

It is interesting that the above result, obtained from the first principles of kinematical

conservation, is the same equation as (3.4 ) obtained by Longuet-Iliggins and Stewart

(1900) using a lengthy second order perturbation analysis scheme.

ii. Current as a long standing wave

For the flat bottom case, equation 3.24 reduces to

3k' + k a 0 (3.29)
i xi

The current U is described by the orbital velocity of a linear standing wave

U a W k cosh kz(h+z) sinkxsifwt
z z k -sinh k~h z z (3,30)

which varies only in the x-direction. Applying equations 3.29 for both x and y

directions yields

3k' cosh k (h+z)
+ ks ak - nh cos k x sin w t 0 (3.31)

x 4
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k'
= a

Ot

Integrating over time gives

/ cosh k (h+z)
k'- k k, h = Constant
x s x  sinh k, h(3.32)

k' k = Constant

.quation 3.32 indicates that the wavenumber component alongshore is always constant

since no longshore component of the current exists.

The constant in (3.32) can be evaluated at any node where 11,L- 0. At

these locations, it is assumed that the wavenumber does not change, i.e. k'x  ksx

Substituting into equation 3.32, a general solution is obtained:

k '  = k + a k coth k h cos k~x cos w t}
x (3.33)

k' = k = Constant.

Y ysy

1Therefore the wavcnumbcr component in the x direction is always modulated in time

and space, while the longshore wavenumber component is always constant. As a

result, the wavcnumber vector changes in time and space; i.e. the waves are ref'racted.

It is clear that if the waves are parallel to the current, i.e. collincar in

x-dircction, then ky = 0 and the solution reduces to the first equation in 3.33.

b. Ja'es on Current in J l'ater of Variable Depth

A reasonable model to describe the current on a sloping bottom is the

orbital velocity of' eithcr a cross-shore long standing wave or edge waves. Collinear

and oblique incident waves on a current are included. Let us assume a plane sloping

bottom For simplicity of analysis.

i. Currcnt as a cross-shore long standing wave

On a sloping bottom, the horizontal velocity of a standing wave is

describcd by equation 2.17 . Recalling the equation for wave density conscrvation

(3.24),
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3.

+. k +U (3.34)

which requires speciFying 8 Ui/0 x and 8 k S i The gradient of the current velocity

becomes

au - U + .}(35
-x x h 3t (.5

Using thc dispersion relationship in shallow water to differentiate the wavenumbecr

components gives

ax - k S t(tan a j-+ - (3.36)

and 8 k y / 8 y =0, since the dispersion relationship is independent of y as the depth

contours are assumed straight and parallcl. Applying Snell's law to describe the

change in the angle of approach with x, 8 a 0 x gives

'1a
- 1tan a tan (3.37)

dx 2h

Substituting into 3.36, gives

____C a) (3.38)

Substituting into 3.34 using 3.35 and 3.38

3k'l U 1 3nZ Uksx sec 2a
at+ k - h = 0 (3.39)
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5k
= 0

dt

from which 0 ky ,'0 y = 0 and, therefore, k' = ky = constant. Integrating equation

3.39 over time gives

k t 2 n
k s x f U dt[ + = Constant

x x - (3.40)

since

j U dt = -(lo ) a U/0 t + constant

Therefore, equation 3.40 becomes

k sx U see2c

- k' + k h = Constant (3.41)x 2 3t ' I  2 sxh

The constant in 3.41 can be evaluated at x = 00 where current vanishes, i.e. lk = 0

and U = 0, which gives k' x = constant - ksx Then, for a steady oblique wave

train, the general solution is given by

1 sec2) 3 Uk k [1 + (I +t
x s h 2(1 + 2 (3.42)

x X(,x Xt,

If the waves and the current are collinear (a = 0), equation 3.42 reduces to

n[ 3 1 DUk ' = k [i + - -1 3

Sx x( (3.43)

k' k = Constant

y y
SThis equation shows the dependence of the wavcnumber changes on the surface

elevation and on the acceleration of the current.
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ii. Current as an Edge Wave

In the 3-1) model thc long Nave is described by an edge wave. A zero

mode edge wave is used to simplify the analysis whcrc the Lagucrre polynomial equals

unity. *1 lie horizontal veoiycomponents are given as

U =- gY e- sin(k y -W Zt) (3.44)

V =- kY e - ZXcos(k y - Wt)(3)

A steady short wave train riding on an edge wave will satisfy the wave density

conservation equation (3.24 ). Substituting into equation 3.24, using equations 3.38

* and 3.39, gives

-Ulk k + - sec ) 0 (3.46)
atsx YZ 2x

aZo+ k k~ U 0(37

Integrating both 3.46 and 3.47 with respect to time gives

k' + k 1(,.YV+ sec 2 i V) Constant (.S

The constant in 3.48, call be evaluated whnx * 00 where both UI and V go to zero

andi k'x ks I Ilhis leads to
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k + -[1 sec (3.49)'~ k' = il+ 2xk
Sx y y

k = k i+ C 2  (3.50)
y sy (.0

Since edge waves are progressive in the alongshore direction, equation 3.50 is similar to

3.28 where the current was modeled as a progressive wave. The changes in the

wavenumber and direction of short waves riding on zero mode edge waves arc

demonstratcd in Fig 3.4 . The modulation in the wavenumber increases onshore

where the wavelength goes to zero. Increasing the angle of wave incidence is shown

to increase the wavenumber modulation.

C. CHANGES IN WAVE ENERGY AND MOMENTUM FLUX

1. Background

A wave train composed of a group of individual waves propagates with the

group velocity at which the total energy is transmitted. Energy is usually expressed in

terms of average energy over a complete wavclength per unit surface area. The total

energy of any wave system is the sum of both the potential and kinetic energy.

The average potential energy li per unit surface area is given by

t+T x+L
- g f f dxdt (3.51)

t x

The average kinetic energy Ek per unit surface area is estimated by

t+T x+L n=0  2+22k-u2+v +w )dz dxdt (3.52)
Ek  = 2 2TL t x -h

lor linear progressive surface gravity waves, the average total energy I.I, is
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Figure 3,4 Spatial changes in the wavenumber of short period waves
due to the presen~ce of" zero mode edge w ave.
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ET = 1 g a (3.53)

which is equally partitioned between the potential and the kinetic energy.

a. First Order Sea-Swell Eneigy 1 odilation

Short pcriod waves riding on much longer wave can be examined using the

principle of superposition. First order modulations are examined using the linear

description of both waves. The linear theory is recognized as a reasonable

approximation for its successful use in describing many observed phenomena evcn
within the surf zone, (Bowen et al., 1968; Guza and Thornton, 1980). The total surface

elevation may then be expressed as

T = s + n (3.54)

where the subscripts s and 1 refer to sea-swell waves and long period waves

(infragravity waves) respectively. Inside the surf zone, short waves break, dissipating
their energy onshore. The depth-controlled wave breaking model is adopted (equation

2.11) to describe first order short wave dissipation with zero amplitude at the

intersection of the mean water level (MWL) with the beach. lhe depth in equation

2.11 is modified to include the slowly varying depth changes due to the prescncc of the

long wave,

a s  = (h +nz) (3.55)

where ilfis the surface elevation of low frequency wave motion on a sloping beach and

is described by either a long standing wave or an edge wave. The objective of this

approach is to examine a first order energy perturbation (second order in amplitude)

due to the presence of long waves. In the 2-I) model, the long wave is modeled as a

long standing wave. The potential energy for the combined short and long wavcs is

5.
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calculated by substituting the combined surface elevation given by equation 3.54 into

equation 3.51 . Thc kinetic energy (equation 3.52) is siilarly calculated using tile

total horizontal velocity,

UT U + U (3.56)

where

us  y(h + r,.) vg/h cos w st (3.57)

and ul is given by 2.17 . It is assumed that the vertical velocities in shallow water arc

small compared with the horizontal velocities, i.e., w < < u . The total energy I ,

averaged over short and long wave periods is the sum of both the potential and kinetic

energy and is given by
1 2 1 2 2 2

ET = 9 pg[(jh) + a (J ) + Jl() )

G)S

1 2 2 2 (3.58)

12 2 2(X)l ]

S L
The total averaged energy in equation 3.58 is reprcsented by four terms at frequency

bands i)s ,o)1 , (s) s + o)I ) and (o)s -w1 ). The first term in right hand side is identified

as the short wave contribution if the short waves were considered alone. Similarly, the

second term represents the contribution from the long waves alone. The third term is

due to the nonlinear interaction between the short wave and the long wave and is

represented by two side bands at the sum and dliflrence bctwccn short and long wave

frequcncies.
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b. Model Parameters and Preliminary Results

Energy calculations for the combined short and long wavcs requires

specifying the two parameters y and a, in equation 3.58 . The breaker index y , which

relates the breaking wave amplitude to the local water depth, is taken to be .20 whcn

using the root mean square wave height (Thornton and (uza, 1982). Thc second

parameter, the long standing wave amplitude, is defined as the vertical excursion o1 the

low frequency swash oscillation at the shoreline. Earlier work by Munk (1949) and

Tuckcr (1950) showed the infragravity wave height to be 10 percent of the incident

wave height, with both quantities ti'asured in 15 m water depth. Goda (1975)

measured infragravity wave heights in I in water depth and found them to be 20-40

percent of the offshore incident wave height. Ciuza and Thornton (19S2) measured

infragravity run-up height in Torrey Pines to be 70 percent of the wind wave heights

measured in 10 i water depth. I lolman and Bowen (1984) measured the significant

runup height, defined as the significant vertical excursion of water level at the

shoreline, and IbInd it to be 60 percent of the incident significant wave height at the

breakerline. (uza and Thornton (1985a) analyzed data acquired from three different

experiments and found that the significant vertical swash excursion on the average was

equal to the incident significant wind wave height measured in 10 in depth

VR = HSig (3.59)

Therefore, the amplitude of' the long wave aC is taken as .501 Isig . This result will be

used here since equation 3.59 is weighted over three different beaches and incorporates

the Santa Barbara data, which are considered in the present analysis.

Data acquired at the Leadbetter Beach experiment in Santa Barbara during

1980 are utiliied to specify the parameters of the energy model. [lie best fit to the

beach profile assuming a plane sloping beach is found to be 1:25 with a surf zone width

of 50 i. The characteristic periods Fbr both the short and long waves as determined

froul tle spectral alaysis ol currcnt actcr records are 1 and S5 scconds rcspectivcly.

"lhcse are typical values for the data acquired on l'cbruarv 4 (narrow banded waves).

'Ilie model rc'alts are shown in lig 3.5 . '[lie potential energy for long waves is sho\wn

to reach a maximum at the shoreline with a inag'nitude comparable to the nuxiionu
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short wave potential cnergy at the brcakcrline (Fig 3.5 a). The kinetic energy for both

short and long waves decays shoreward (Fig 3.5 b). The total averaged energy decays

onshore, with short waves dissipating all their energy at the shoreline where the long

waves have their maximum energy (Fig3.S c). The two side band components show a

steady growth (order of 15 percent) in total energy in the vicinity of the shorcline.

2. Mass and Momentum Fluxes

a. Background

The changes in the mass and the momentum fluxes are required to specify

the driving forces for predicting the surf zone dynamics. Conservation equations

developed by Phillips (1966) are followed, in which the terms representing the mean

and fluctuating quantities have been separated. These equations are applicable to

wave motion as well as general turbulent motion. No restrictions are placed on the

wave slopes and/or amplitudes through the use of these equations.

The conservation of total mass per unit area can be expressed

>5 3M.
>pD + = _ 0 i = 1,2 (3.60)at X'

where ij refer to horizontal coordinates, D is the total averaged depth of water, which

may include the wave setup, and M i is the total mass flux defined as

M. = f uidz , i 1,2
1 -h

where ui is the total horizontal velocity that contains a mean quantity and a

fluctuating quantity due to the waves. The overbar denotes , at this stage, averaging in

time over the short wave periods, but not so long as to exclude the long waves.

The momentum flux equations arc derived from the horizontal nomentum

equations integrated over depth, averaged over time and using the flee surface and

bottom boundary conditions:
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' 3M L  , (3.62)

+ - U. m. + } = -pgD + R.
3X. .t 3 i U

The first term on the right hand side is the change in tile mean hydrostatic pressure

due to the slope of thc mean fiec water surface, and Ri is the mean shear stress term.

The first term on the left hand side is the local change in horizontal momentum flux;
the second term contains the mean momentum flux U i Mj and the excess momentum

due to the wave presence Sij , which was termed the "radiation stress" tensor by

Longuet-Iliggins and Stewart (1961, 1962). The advantage of using the "radiation

stress" technique to solve physical problems is that the second order elfects are

obtained using first order wave theory, and thereflore sonic non-linear wave properties,

such as setup and surf beat, can be explained easily. The radiation stress for a

progressive linear waves is given by

1 2 1. M.
-h ( 1 Ju P dz ,gDS BiSi3  - i 3 +P ij )d -2gD6D (3.63)

where 6 is the Kronccker delta. The third term can be neglected since it is of higher

order in deep water and has a negligible contribution in shallow water. Evaluating all

terms in equation 3.63, the excess momentum tensor for a linear progressive Ve is

Ec ik ik . 1
S. - - + E[2 -- ]1 ij , i = 1,2 (3.64)

13 C IF[ c i ,k

where kx 9ky are the wavenumber components and are used in the expression to

indicate the directions kx 1k = cos a and k /k = sin a .

These expressions are also a good first approximation for slowly Naring

depth if a and k are interpreted as the local values corresponding to the local depth h

(lei, 193). In shallow water, the group velocity cg equals the plhase speed c and the

radiation stress components are approximated by
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S = E[ 2 cos ,2 +11
(3.65)

Sy 9[2 sin ct +1] (3.66)

yx EsincC o

As expected, for a standing wave on a flat bottom, the radiation stress components are

exactly twice the values of a progressive wave (Longuet-Iliggins and Stewart, 1960).

b. Changes in The Radiation Stresses Due to the Long fl'aves

The objective now is to rcderive the excess momentum due to combined

short and long wavcs to develop explicit formulae. The short waves are assumed to

arrive obliquely at an angle u , measured counter-clockwise between the wave ray and

the positive X-axis. The long wa es are modeled as a normally incident standing wave

on a plane sloping bottom. The procedure of calculating tile momenItum flux

components due to the presence of both the short and long waves is to substitute into

the general formulation 3.03, which is applicable to all kinds of steady and unstcady

flow. In the lllowing development, the terms second order in amplitude (lirst order

in energy and moenLtumLtI) are retained, and all the higher order terms are neglected.

Then, the resulting expressions are averaged over the long wave period to eliminate the

time dependance of the obtained formulae.

The radiation stress component Sxx ,defined as the flux of' onshore directed

momentum, is given fiom equation 3.63 as

0 1 2
S = -h (puu+P)dz - - igD (3.68)

The first tcrm under the integral is the product of tile total horizontal wave velocities,

which can be obtaincd by summ1ing equations 2.6 and 2.17 . The limits of integration
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are takeni from tile bottom to the still water level (SIVL) at 11 = 0, which is consistent

with the analysis being second order in wave slope. Integrating over depth and
averaging in timec over long wave periods yields

2J2
0 ___ 1 2 2 +,2 ( J(X) +j2 W(.9
f U dz -~g{y( h 2a1

The prcssurc term in equation 3.68 is obtained by integrating thce vertical momentum
equation (neglecting the vertical stresses) From any depth z to the free surface (see
Phillips, 1966), which gives

P 1 o f d z f w z + X - f u w z - P w 2~T J Td (3.70)~JW
z z z Jz

The first term is the hydrostatic pressure. Integrating from thle bottom to thc free
surflace and averaging over short and long wave periods gives

1 Y111 2 + .(Y + 1)a 9 J2 (x)2
term 1 2 Pg 9 2- + (n+h) 21 2 2 (3.71)

The second term is similarly evaluated, but it was found to vanish when averaged over
the long wave period. The third and Fourth terms give

term 3 1 ph 2 (j2 [j2 2 j
4 z z 0(3.72)

+ tan Ig h a 2 3 ) '

(3.73)

2 2 2 2
a 2 2 2 ) 2 aJ"1 0

term 7 2~ 2 2 (h + + 2
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Trhe time averaged radiation stress Sxx is obtained by adding equations

3.69, 3.71, 3.72 and 3.73 :

S 1 pg 3-f 2 h2 + (1 + 37l~ 2 2 + 2 2 2

" 1PU;a 2(tan ' F J xJ W'))+ 7 2.2 h3

2

+ 2-a 2 h (2 +j2(X)) +

2 h 2 0 a1 J 2aSJ (.)0

The first term on the right hand side is identified as thc short wave contribution if

considcrcd alone, which is in agreement with equation 3.64 obtained by

Longuct-l liggins and Stewart (1962). Thie second and thc third terms are the

contributions by tile long wavcs and the side bands.

Thie transverse comiponent of radiation stress, Syx is dcfincd as the onshore

flux of longshorc mnomentumn across a vertical plane any distance offshiore. T[his

component can be calculated fromi the direct evaluation of the momentum flux as thle

product of the total horiz~ontal velocities, u-r and v1

-h (3.75)

A cross-shore long wave is considered for simplicity, i.e. no longshore velocity

component, while an oblique short wave Is considered. T[hen, equation 3.75 becomes

-X -h f (U SCos --- + u Z)u Ssina dz (3.76)

T[he transverse component Sy is the driving force for the longshore current inside the

surf zone. WNlii considering thle cross-shore long waves, the primlary change in SN
arises from the aTxlplitude modulation of the short waves, which is a function of the
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long waves. Integrating equation 3.76 over depth and averaging over the short wave

period gives the time dependent tbrm,

1 2 2
Sy x  = pg (g{ (h +)Z) Isin a cos a (3.77)

Averaging over the long wave period to eliminate the time dependency, the transverse

component Syx inside the surf zone is

1 2h2 1 2 2 2 (3.78)S y x  2g{( h + .y aZJ 0 (X)}sin a cos (.

The first term on the right hand side is in agreement with equation 3.67, while the

second term can be identified as side bands. In equation 3.7S , it is noted that the

cross-shore long wave by itself does not contribute to Syx , but their interaction with

the short wave results in the side bands that increase the Syx term.

60

- ~~~ ZftiA'~"



IV. DATA ANALYSIS

The analysis of field data is performed to test the hypotheses that the nearshorc

dynamics are due to both the short and long waves. Outside the surf zone, waves

arriving in groups cause a change in MWL (Fig. 4.1 ) and drive a forced long wave
(Longuet-Higgins and Stewart, 1962). At the breaker zone, the short waves break and
their heights become depth dependent, obeying the saturation curve. The water depth

is modified by the presence of the long waves. Therefore, the short waves are expected

to be modulated by the infragravity waves inside the surf zone. The experiments are
briefly discussed, followed by analyzed results.

A. DESCRIPTION OF THE FIELD SITES
Two experiments were performed as a part of the Nearshore Sediment Transport

Study (NSTS). The objective of NSTS was to develop an improved engineering

formula to predict sediment transport on beaches. Field sites were selected for their

simple topography of straight and parallel depth contours, which match the
assumptions often used for ncarshore dynamics. The first experiment was located at

Torrey Pines Beach (T.P.), San Diego, California and conducted for one month in
November, 1978. Torrey Pines is a gently sloping beach (tan j3 = 0.002) with nearly
straight and parallel contours. The bottom is composed of moderately sorted,

fine-grain sand (mean diameter 0.15-0.2 mam). The waves break as spilling or mixed

spilling-plunging. A wide variety of wave and weather conditions were encountered

during the experiment, from small to large (2 in) waves, from very narrow-band swcll

to wide-band sea, from calm to windy days (> 10 , s). A total of 42 sensors were

deployed over an area 520 m long parallel to the shore and up to 500 ni offshore.

Surface elevation and horizontal, orthogonal velocity components were measured along
a shore-normal transect from offshore at the 10 i depth contour to the shore.

Leadbetter Beach, Santa Barbara (S.B.), California was the second NSTS

experimental site (February, 1980). Leadbetter Beach has relatively straight and

parallel nearshore depth contours with well-sorted fine to medium size sand. The mean

nearshore slope varied between 0.017 and 0.05 during the experiment, depending on the
wave climate. Well-developed cusps occurred during the bcginning of the experiment.
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No major offshore bar system was :pparent. The shoreline has an unusual cast-wcst

orientation along a predon-;uantly north-south coast. The open ocean waves are

limited to a narrow window of approach (± 90 centercd on 2490) because of

protection from Point Conception to the north and the Channel Islands to the south.

The generally highly filtered ocean swell type waves from almost due wcst must make a

right angle turn to approach the beach normally. The result is often a narrow band (in

frequency and direction) spectrum of waves approaching at large oblique angles to the

bottom contours in the surf zone and driving a strong longshore current. Rod'and

level surveys of the beach profile were obtained daily. An array of current meters and

pressure sensors were deployed extensively in a similar manner as at T.P. Severe

storms occurred during the experiment, causing significant changes in the shoreline

configuration and beach profile. Despite the destruction of most of the instruments

during the storm, a very substantial and valuable data was recorded (Gable, 1980).

Data were acquired at a sample rate of 64 Iz for several hours each day, then

low-pass filtered and reduced to 2 iHz. The sensors, data acquisition system and

experimental sites are fully described by Gable (1979, 1980).

B. DATA ANALYSIS

Data acquired from T.P. and S.B. have been extensively analyzed by'different

investigators. Incident wave analyses include shoaling, setup, swash oscillation,

runup, velocity moments, longshore current and sediment transport. Infragravity

waves were studied for runup, identifying both the cross-shore and longshore structures

and type of the dominant motion, whether they are leaky and/or edge waves (Guza and

Thornton, 19S2,1985a,b; Oltman-Shay and Guza, 1986). As mentioned before, thc

dynamics of the infragravity waves were not previously studied. Furthcrmore, their

effect on the incident waves, especially inside the surf zone, is of interest to understand
the nearshore processes. It is hypothesized in this study that the interaction between

the short and infragravity waves generates other waves (side bands) at the sum and

difficrence frequencies. These waves occur at the ncigbourhood of the short wave

frcqucncy, and they are of importance in driving lotigshorc current and sediment

transport at the shoreline. The existence of both the infragravity waves and the side

bands are investigated utilizing records of' wave staffis, current meters and pressure

sensors. Coupling between the incident waves and the infragravity waves are tested via
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spectral and cross-correlazion techniques, and difTerent theories are discussed. Since

the present dcvclopcd modcl is monochromatic, only days of narrow banded waves are
considered. l hrec d,, s are selected from each experiment (total of 6 days): 3, 4, and 0

February 1980 at S.B. and 10, 20, and 21 November 1978 at T'.P.

1. Spectral Analysis

Velocity and pressure time series of 68-minutc length are used to compute

spectra with 32 degrees of fieedom and a resolution of 0.004 l z. The "power spectra

are computed For all the available working sensors at each selected day. The spectra

are plotted on linear scale to demonstrate the relative importance of each peak and

normalized by the variance (area under spectra). In Fig 4.2 , a well defined swell peak

is seen at a frequency around fs = .06 llz in most of the instrument locations during

10 Nov., "'.P., and in Figures (4.3, 4.4) at fiequency fs - .07 llz in all the analyzed

instruments in 3 and 4 Feb., S.I. A consistent valley near 0.05 lIz is present in almost

all spectra, separating the incident wave band from the low frequency band. Within

the infragravity band, a pronounced low frequency peak is shown in most of the

spectra at f = .017 liz for 4 Fcb,S.B. and .0195 llz in 10 Nov.,T.P.

lihe infragravity energy has been studied extensively since the first
observations by Munk (1949) and Tucker (1950). luntley et al. (1981) identified a

progressive low mode edge wave in the longshorc direction that satisfies the dispersion

relationship of edge waves. Oltman-Shay and Guza (1986) extended the work of
IHuntley et al. (1981) and were able to determine the energy contained in each edge

wave mode. The low mode edge waves (n < 2) were found to dominate the longshore

current energy while leaky mode or high mode edge waves dominated the cross-shore

direction. They attributed the daily changes in infragravity energy levels to the
variation in incidcnt wave conditions and the resonant forcing of edge waves described

by Gallagher (1971). Guza and Thornton (1985a) observed surf beat in 3 field sites

including S.D. and 1".P. '[hey found a phase shift of t/2 between the surface elevation

and the horizontal velocity within low frequency motions (f < .05 i I1) which indicates

the predominance of the standing wave structure of surf beat. This result agrees with

Sulhavda (1974). GIuza and 'I lhornton ( 19S5a) rejected the hypothesis that surf beat is

primarily generated by bore-bore capture within the surf zone (as hpotlsitcd by

Bradshaw, 1980 and others) because bore-bore capture modcls do not predict incoming

surf beat energy outside the surf zone and do not describe the gradual increase in the
infragravity band onshore.
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The transformation of the incident wave spectra across the surf zone is shown

in I:igures 4.2 and 4.3 . A dramatic shoreward increase in the low tfrequcncy band

energy is accompanied witl rapid attenuation in the progressive incident wave energy

due to breaking as the depth decreases. The infragravity energy can exceed the wind

wave energy by a factor of 2.5 in the inner sur, zone (Wright et al., 1982). In storm

conditions, I lolnan et al. (1978) observed a considerable increase in the infragravity

energy levels responding to the changes in incident wave conditions. It is clear from

Figures (4.2, 4.3 and 4.4) that the spectra closer to the shoreline is dominated by the

low frequency band.

The theory of wave-wave interaction presented in Chapter 3, by which side

band waves are generated as a result of the non-linear interaction, can be tested using

the available data. l-lgar and Guza (19S5), on studying the nonlinear dynamics of the

shoaling waves using bispectral analysis, showed that the low frequency motion at the

beach face is significantly non-linearly coupled to higher frequency modes seaward the

surf zone around the peak of the power spectra. They did not resolve possible side

band generation in their analysis, choosing instead to obtain higher stability (low

resolution). Using higher resolution here, peaks at frequencies (f ± f ) are found in

Fig. 4.5 which are identified as upper and lower side bands. This supports the

hypothesis of the short wave modulation derived in equation 3.11 . Evidence of side

bands is present for almost all the measurements on all days analyzed, but usually only

the upper side band at frequency (fs + 11 ) is present (see Figures 4.2, 4.3 and 4.4).

The side bands are not always statistically significant, however, since at least the upper

side band is present for all narrow band days. I lence, it is concluded that the side

bands are real. It is not clear why the lower side band is absent. T[he suppression of

the side band may be strong lower frequency breaking or it may be caused by the

seaward radiation of' energy by the outgoing component of the standing long waves.

ilgar (1985) showed that the low frequency reflected waves will have phase

relationships relative to their incoming parts that tend to decrease bispectral level.

V2 (u/a ct al. (1984) show an increase in coherence between the incident wave envelope

and the long standing waves \when removing the reflected wave.

I he time hitory of' energy transfcrred between swell peak and the upper side

band is demonstrated in :ig. 4.6 using almost a four-hour time series. The long record

is divided into 64 segments each of 17.1 minutes with a 5M", overlap to calculate the

spectra. Energy appears to be transferred from the incident wave peak to higher
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frequency components. This leads to a flaster growth of tile upper side band than for

the lower side band. The incident wave peak drops to a minimum, strcngthening the

upper side band. A similar mechanism could happen if lower side bands exist, which

may transfer energy to low frequency components.

Using the same data set, Guz4 and Thornton (1985b) computed the velocity

variance !n 20 Nov., T. 1. at each instrument location across the surf zone Fig. 4.7 .

Their result show no substantial differences between the observed and the predicted

values when summing the potential and kinetic energy for short waves riding on long

standing waves (Fig. 3.5). The decrease in short wave energy is almost balanced by the

increase in low frequency energy resulting in an almost constant cross-shore velocity

variance (Guza and Thornton, 1985b). Wright et al. (1982) obtained a similar variance

distribution on Australian beach. Although the spectral shape of 3 Feb is similar to 4

Feb. waves in the 4 Feb are more energetic (Hsig = 80 cm). Therefore, strong

non-linearities are expected.

2. Cross-Correlation Analysis

The objective of this analysis is to cross-correlate the incident wave envelope

with the long waves to test the hypotheses that long waves are forced outside the surf

-' zone and short waves modulated inside the surf zone. The cross-correlation function,

CR , is a measure of the degree of linear relationship (association) between two data

sets in the time domain. Tucker (1950) correlated the incoming wave envelope and the

corresponding long wave observed by a bottom mounted pressure sensor at a distance

800 m offshore. lie obtained a negative maximum correlation corresponding to a 5

minute time lag. The time lag associated with the maximum correlation was

approximately the time required for the incident wave group to reach tl - shore with

velocity Cg and for the associated long wave to travel back with phase velocity V gh.
The negative correlation was described by Longuet-lliggins and Stewart (1962) as a

low frequency forced wave response due to the incident wave groupness that has a

phase shift of 7t with the envelope of the high frequency waves. l lence, under high

waves, a long wave trough is expected and vice-versa.

I luntly and Kim (1984) obtained a positive correlation between long waves

and the short wave enelope at zero time lag from current meter ncIasurcment tatkcn

outside the breaker line. Their results agree with the forced wave niodel of

Longuet-I liggins and Stewart (1962). For velocity measurements, a positive correlation

is expected with the x-dircction positive oflshore.
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Guza, ct al. (1984) obtained a negative correlation outside the surf zone and a

positive correlation inside the surf zone when comparing the surface elevation of the

short wave envelope with long waves. No explanation was given for change in signs of

the correlation between outside and inside the surf zone.

Surface clevation time series are inferred from current meter data from

experiments at T.P. and S.B. using the complex Fourier spectra of the horizontal

velocity component, U(f). Current meter records were first linearly detrended to

exclude the effects of the rising and falling of the tides, then high-pass filtered using a

cut-oi frequency of 0.05 I Iz to exclude surf beat, followed by a low-pass filter with a

high frequency cutoff (0.311z) to exclude capillary waves. The filtering was

accomplished by Fourier transforming the signals and zeroing the Fourier amplitude

coefficients in the filtcred frequencies. The complex surface elevation spectrum, X(f),

is calculated applying the linear wave theory transfer function, I If (f)

X(f) = Hf (f)U(f)

Trhen, the complex surface elevation spectrum is inverse transformed to obtain the

surface elevation time series. The entire 68-minute-record was transformed at one time

to minimize the end effects, which result in spectral leakage, and to obtain maximum

resolution fbr very sharp roll-off at the filter cut-offs. Surface elevations were also

computed from pressure signals in a similar manner by transforming the pressure

records using linear theory.

Using the surface elevation time series obtained in this manner, the correlation

between the incident wave envelope and the corresponding low frequency motion is

calculated. The low frequency motion is obtained by low-pass filtering the surface

elevation time series. The high frequency wave signal is the residual after subtracting

off the low frequency energy. The short wave envelope is obtained by demeaning and

squaring the high frequency signal, followed by the same low-pass filter used before.

Segments of the time series for the wave envelope and the associated low frequency

motion suggest positive correlation for the wave sensor inside the surf zone (Fig. 4.8)

and negative correlation for the current meter derived signal outside the surf zone (Fig.

4.9).

The cross correlation function is calculated using the following formula
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n -kT -X ) (y t + k -_ Y ' k 0 o , . -

R (4.2)
n-k

o (x -) (Yt+k - y  ' k = , (4.2)

n2 Z t=l-k

where r = k t is the time lag, t is the sampling time interval, n is

number of data points, a], e are the standard deviations for the low frequency signal

and the envelope, and x, y are the means for each of the time series. The time lag is

positive when the long waves are in advance of the wave envclope, and it is negative

when long waves lag the wave envelope.

A test of significance (null hypothesis) based on the "Fisher-Z

Transformation" is performed with the statistic z = i/ 3/2 In (I +CR / I- CR )

(Miller and Freund, 1977). At level of significance a = 0.05, the calculated z always

exceeds at'2 (= 1.96), since the used record is long (8192 data points). Thus, the null

hypothesis is rejected and the correlation is significantly diIlLrcnt than zero.

The correlation function for the wave staff W38 (T.P.) is shown in Fig. 4.10.

The maximum correlation is +0.49, corresponding to a time lag of -4.0 sec. The

function shows a strong periodicity at about 40 sec. The correlation coeflicicnt is

calculated with 95'/0 confidence to be significantly different from zero. Fig. 4.11 shows

a negative correlation for CO7x (S.11.), indicating the characteristics of a forced wave

response outside the surf Tzone.

[he maximum correlation coefficients and the corresponding time lags at each

instrument location in 10 and 21 November, T.P. are given in 'Table I and 1I .

Similarly, tables Ill and IV are given for 4 and 6 Fcb.,S.1. Lower values of CR imply

that the two random variables may be independent, that there is no linear relationship

betwccn the two signals, susgesting a free long wave (Iluntly and Kim, 1984) or the

possibility of some non-linear relationship. The low values of the negative (It can he

attributed to the fact that the it phase shift is only a deep water case, while the deepest

instrument used is 3 m. The other reason could be the significance of the phase-locked

reflected low frequency waves decreasing the coherence c'cn for low values of

reflection coefficient (llgar, 1985). Hlgar and Guza (1985) indicated that the

.1 infragravity modes do not appear to be bound with a fixed phase relationship to the

high frequency wave groups, since thci, biphase evolves towards lower values as waves

shoal.
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It is of interest to obscrve a consistent pattern of CR , being negative outside

the surf zone and positive closer to thie shoreline (lFigures 4.12 and 4.13). lhc

statistically significant values of CR in the ncarshore zone at zero time lag indicated

significant coupling between the high and low frequency motions. A zero correlation

in Fig. 4.12 is found to coincide with the approximate location ofthe breaker line. The

zero correlation could be due to the two signals being non-linearity related,

randomness (noise) introduced into the wave signal by the breaking wave, a possibility

that the breakpoint could be at a nodal point for the long standing wave, independence

of the two signals, or a transition location between Forced and free long waves. Fig.

4.13 shows a consistent negative correlation outside the surf zone and a positive

correlation shoreward of the rnidsurf zone. This could mean that the wave breaking

does not destroy completely the wave groupness until some location inside the surf

zone. This location might be a transition between the forced and firee long waves.

I'lgar ( 1935) shocd that surf beat biphases decrcases as waves shoal. On sonic days,

the correlation in [ig. 4.13 shows a rapid decrease when waves get closer to the

shoreline. This might be attributed to the bore-bore capture mechanism. Mase and

lwagaki (19S4) illustrated that a wave (bore) could be captured by a successive bore

before the bore reaches a maxinum runup height. 'lhcrelbre, the number of runup

wa es ard frequency of'runup will be reduced compared to that of incident waves. The

ratio of number of waves is gix en using the surf similarity parameter and shows a

decrease in number of waves reaching a gentle slope beach.

Ite posttive correlations obtained inside the surf zone are demonstrated by

the simple model developed in chapter 3 by linear superpose the two waves. The

surface elevation time series inside the surf ione is simulated using

S= (h +n )cos P + l (4.3)

lhe wave envelope and low frequency motion are obtained as described above. A

positise correlation is always shown at zero time lag (Fig. 4.14 ), which agrees with the

observations.

In the Following chapter, the theoretical results obtained in Chapter 3 are

applied to derive wave Setup, longshiore currents (steady and unsteady) and sediment

transport due to the combined short and long period waves.
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V. APPLICATIONS

A. WAVE SETUP AND SETDOWN

1. Background
In the ncarshorc zone, it is observed that waves during shoaling and breaking

produce a variation in the mean water level (MWL). This variation in MWL is
considered a primary cause of nearshore circulation, such as rip currents. The change

in MWL, , is characterized by two regions (a) a gradual depression of' the sea water

level starting from ofishore, and reaching a maximum at the breakerline, and (b) an
increase in the MWL shoreward of the breaker line. The depression is termed

"setdown" and the upward slope is called "setup."

To study the wave setdown and setup, the X-componcnt of the horizontal
momentum flux equation is considered where the waves are assumed to be steady state
and propagating normal to the shoreline over straight and parallel depth contours,

axx - pg(h +n) (51)

Equation 5.1 indicates that the change of the excess momentum flux due to wave

motion in the cross-shore direction is mainly balanced by the mean water slope driidx,

assuming no gradients in the Y-direction and neglecting the frictional forces.
It is common to separate the nearshore zone into two dynamical regions of

"outside" and "inside" the surfzone.

(1) Outside the Surf Zone :
If waves are assumed to propagate onshore without any energy loss, then the

onshore component of the radiation stress is expected to increase steadily as the depth

decreases. 'Therefbre, the mean water level is lowered (set down) by the presence of the

unbroken waves. Longuet-Iliggins and Stewart (1962) integrated equation 5.1 by

assuming that i < < h to obtain

1 a~k
a k (5.2)S - Sinh 2kh
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This equation is second order in local wave amplitude. The setdown increases steadily
until the breaking zone. Without referring to the radiation stress, Longuct-lliggins
(1967) also derived the above solution using Bernoulli's integral equation. This simple

technique will be illustrated and applied below.

(2) Inside the Surf Zone
As waves break, the wave amplitude inside the surf zone is assumed to be

controlled by the total local water depth including the wave setup q , simulating a
spilling breaker type, i.e.

a = y(h + r) (5.3)

The cross-shore component of the radiation stress, Sxx , is a function of the energy
density which decreases inside the surf zone and reduces to 3/2 E in shallow waters

such that

3 2 -2
SxX = g, (h +rn) (5.4)

Both the gradients of Sxx and the forcing in equation 5.1 have a negative slope.
Therefore, the change in the MIWL inside the surf zone is expected to be positive,
representing a wave setup. Integrating equation 5.1 gives

= N(hb -h) + rb (5.5)

where N = (1+ 2/(3 y2 )W1 . The subscript b indicates the value at the breakerline

where T1b =- y ilb /8 is determined from equation 5.2 . Equation 5.5 shows an

increase in the mean water level with decreasing depth, balancing the decreasing
radiation stress due.to wave dissipation inside the surf zone. It should be noted that
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Bernoulli's integral outside the surf zone is not applicable inside the surf zone since the

motion is no longer irrotational.

Bowen et al. (196S) demonstrated the above theoretical results by careful

measurements in the laboratory. Experimental results agreed well with the theory.

llowever, just outside the breaking point, their experimental values were less than the

theoretical predicted since the theory does not consider energy dissipation. Also, very

close to the shoreline, Bowen et al. (1968) found a residual wave height (possibly due

to a standing wave) to persist and corrected the above equation by letting the setup

slope be tangential to the beach slope, i.e. dq/dx - - dh,'dx as (h + q)--* 0 . Van

)orn (1976) found that the setup gradient at the shoreline is actually steeper than

predicted by equation 5.5, which agrees with Bowen et al. (1968). Battjes (1974) and

Battjes and Janssen (1978) used a random wave model, which predicts smaller setup

values.

In addition to the wave setup laboratory investigations, a few field

measurements have been reported. Dorrestein (1961) measured the change in mean

water level across the surf zone during times when the significant oll'shore wave height

ranged from 0.8 to 1.6 m. lie measured a maximum setup of 0.15 ni. Guza and

Thornton (1981) measured the setup at the shoreline when the signilicant offshore

wave height varied from 0.6-1.6 in. The maximum setup at the shoreline was found to

be about 0.17 110 , where 110 is the deep water significant wave height. Ilolman and

Sallenger (1985) measured the setup under conditions of incident significant wave

height varying from 0.4- 4.0 m. They found the setup to vary linearly with the surf

similarity parameter 0 = jI (110 I 0 )-1 2

2. Changes in Setup and Setdown Due to the Presence of Long Waves

Changes in the wave setup and setdown due to the presence of'long waves can

be demonstrated by considering the same wave field used before, i.e. oblique short

waves riding on a normally incident long period standing wave. The wave setdown is

evaluated applying Bernoulli's integral equation (i.onguet-Iliggins, 1907). First, the

vertical monientum equation is integrated over depth and averaged over time.

(P + 2 - Pg" 0 (5.6)

z
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where p is the pressure and the overbar denotes mean quantities. Next, the time

averaged Bernoulli's integral equation is evaluated at z = 0, assuming the flow is

irrotational,

Pz + 1  ( 2 + V2 + W2) + Constant = 0 (5.7)
z=O 'z=O

The pressure term is eliminated by combining equations 5.6 and 5.7 to obtain

1- + -2 -2 _ 2
g (U + v w I + Constant (5.8)

Z=0

The difrercnce in mean sea level 6 ij is obtained by applying equation 5.8 at two

different locations (xi ,yl ,0) and (x2 Y2 ,0), which avoids evaluating the constant.

1
1 -2 -2 -2

6-n -9 -u + - 1 2 (5.9)2gz=0 2

For the combined short and long standing waves, equation 5.9 is used to evaluate the

setdown as follows. Each velocity component is expressed as the sum of the short and

long standing wave velocities as given before in chapter 2. Let location 2 be in deep

water (h .- P 00 ) where the setdown is zero. Substituting into equation 5.9 and

averaging over the long wave period gives

2
a 2k -

s  1 2 2 (5.10)
= - 2 sinh 2kh - z(u - )

where subscripts s and I refe" to short and long waves. The first term in equation 5.10

is identified as the the setdown solution (equation 5.2) when considering the short

wave only. At the' breakerline, the depth controlled breaking model is utilized and

sctdown reaches a maximum to give

90



2 2 _ _

72 (hb + r)9b)4h b- _u w2) (5.11)
-b - 4 h b  2g ( U W

where the subscript b refers to conditions at the breakerline.

Wave setup can be evaluated by spatially integrating the X-momentum flux

equation, where the radiation stress component Sxx for the combined wave fields is

given by equation 3.74 . The constant of integration is evaluated by applying the

obtained setup equation at the breakerline where the change of the mean sea level is

known from equation 5.11 . The resulting equation is quadratic in "i and has two

roots. One root is disregarded since it unreasonably predicts setdown at the shoreline.

The second root gives

, = (h + /h =  Q '

%%here

-2 +2h- + 1 2 2 2
b b h b 2{3'( (hb - h

+ a ( -( 22 2(5.13)
2 2a2(,-- 2  -bO()

+ 2a ) ( (, 21

b

Using Longuet-lliggins' setup model for short waves as a reference, the setup is

relatively increased closer to the shoreline due to the presence of the long standing

wave (lig 5.1 ). However, the setdown is also increased at the breakerline compared

with the reference model. The relatikc increase in setup appears to be over-predicted

and suggests the importance of including damping terms, such as frictional dissipation

and/or percolation, in the swash zone.
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B. LONGS1HORE CURRENT

I. Background

When waves obliquely approach the surf zone, a mean current parallel to the
shoreline is generated, which is important in transporting sediment alongshore. In the

simplest formulations, the longshore current is assumed steady and two dimensional,

being independcnt of the longshore topographic changes. The linear Y-momentum flux

equation is simplified such that the gradient of the radiatio' stress component 0 Syx / x

is balanced by the bottom shear stress,

:.S (5.14)

Y

Outsd the surf, zon, the wave energy is assumed non-dissipative and the excess

momentum flux in the Y-direction is a conservative quantity. Therefore, no driving

force is expected outside the surf zone for generating a longshore current (Bowen,

1969). Inside the surf zone, energy is dissipated due to wave breaking, causing a

change in the momentum flux. The onshore changes in momentum flux drive a

Iongshore current primarily confined to the surf zone.

Numerous models of longshore current on a long straight beach have been
done since the introduction of the radiation stress concept. For obliquely incident

waves on plane beaches, analytical solutions were derived for monochromatic waves by

Bowen (1969)) and Longuet-I liggins (1970 a,b) and for random waves by Thornton and

Guza (1986). Numerical treatments (e.g. Thornton, 1970; Jonsson et al., 1974;

Madsen et al., 197S); Wu and Liu, 1984, and others) have employed arbitrary beach

profile and/or including setup and/or non-linear inertial terms. In monochromatic

wave models, lateral mixing is introduced to smooth out the discontinuity in the

longshore distribution due to the intensive current shear at the brcakerline (Bowen,

1969; Thornton, 1970; Longuet-lliggins, 1970a). For random waves models, there is

no need to include the lateral mixing (Collins, 1970; Battjes, 1972) since the waves

transform and break over a considerable horizontal distance resulting in a smooth

change in the rate of energy dissipation and S* Syx

Periodic variation and unsteadiness in the longshorc current measurements

ha~e been reported'by Wood and Meadows (1975) and Meadows (1976), but neither
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analytical nor numerical solutions have been attempted. Meadows (1976) suggested

three distinct longshore velocity components, a steady component and two fluctuating

components, with one at a short wave frequency and the other at low frequency.

Guza and Thornton (1978) and H|olman and Bowen (1984) observed low frequency

components in the longshore velocity spectra. Since the longshore current is a

time-averaged velocity, Guza and Thornton (1978) stated that an appropriate temporal

averaging time for mean longshore current is unknown. The above studies suggest that

the low frequency wae motion can be important inside the surf zone.

Infragravity waves are included in the following wave description inside the

surf zone, allowing a more complete description of the wave field. The changes in Syx

due to obliqueness of the short wave and the total bed shear stress are derived. Then,

the steady and unsteady longshore current formulations are considered on plane

sloping beaches.

2. Wave Refraction and Radiation Stress

The depth contours are assumed to be straight and parallel, and obliquely

incident waves are tierefore refracted according to Snell's law,

sin - sin ab - Constant (5.15)
C C b

where c is the phase speed. The Syx component for the combined short and long

waves is given by equation 3.77 . Assuming a small angle of wave incidence (cos a -

1), Snell's constant (sin a /c), which contains all the wave angle information, can be

introduced into equation 3.77 to yield

S1 
2sin 2h 2

y x  --- - g (h + I) (5.16)

Another approach for deriving equation 5.16 can be shown by using equation 3.67,

where
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EC
= 9 sin a cos(1

By assuming a small angle of wave incidence, 5.17 is reduced to E Cg (sin a ic) where E
is given by 1,2 p g y2 (i + l )2 This will give the same solution as equation 5.16 .

This result can be attributed to the fact that standing waves by themselves do not

contribute directly to the longshore momentum flux since they are oriented in the

cross-shore direction, and no Syx forcing is expected For a normal standing wave. The
contribution of the infragravity waves manifests itself by the generation of momentum

at the side bands. Averaging equation 5.16 over the long wave period gives

1 i sin i , 2,,2 1 2Th at- ,is to, the%,& SZ)

That is to say, the Syx forcing is increased by the formation of the side bands (second
term in bracket). The longshore current forcing term 0 Syx / 0 x for both steady and
unsteady cases is compared in Fig. 5.2 with the Longuet-I liggins (1970a) model where
only short waves are considered. In general, the combined forcing by short and long
waves increases in the vicinity of the shoreline due to the relative growth of the side

bands.

3. Bottom Shear Stress
Inside the surf zone the bottom stress can no longer be neglected, especially

when considering the change of momentum flux in the Y-direction. Assuming the

quadratic shear stress formula, the averaged alongshore bottom shear stress, exerted by

the oscillating wave motion is given by

n IU,,U (5.10)

where cf is the friction coefficient and u- is the vector sum of the current and the

inviscid orbital velocities for both short and long waves measurcd just above the
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bottom boundary layer. The absolute value is necessary to insure that the stress

reverses with velocity reversals. Longuet-lliggins (1970a) assumed a small angle of

wave incidence and a weak current compared to the water particle motion of the

waves, and he was able to simplify 5.19 to

=, cfI I V (5.20)

where V is the mean motion in the longshore direction which is assumed uniform over

depth. The weak current assumption has been shown to be a reasonable

approximation for many field applications (Liu and Dalrymple, 1978). The total

velocity vector u11 can be resolved into its components in the cross-shore and

alongshore directions:

--1

UT (U +u ) + U11 + {(v s +vZ) + V}3 (5.21)

where us and u, are the X-component of the orbital velocities and ij are the unit

vectors in the x and y directions respectively. U and V are mean velocities. Assuming

uniform currents alongshore, the mean cross-shore velocity U is zero according to the

conservation of mass, since the beach forms a boundary in the X-direction.

Considering an oblique short wave riding on a cross-shore long standing wave, i.e. v1

= 0, equation 5.21 can be rewritten

UT,= {(u cosa + u )}1 + {(u s sinA) + V(5.22)

The absolute value of the total velocity vector is

IuT]= (us cosa + u,) 2 + (u sinot + V)2 (5.23)
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Assuming a small angle of wave incidence (a < 100 ), cos a can be approximated to be
unity, which simplifies 5.23 to

IT(us + u) 2 + V2 + 2u V sin a(5 (5.24)

It follows that us sin t is small and can be neglected, then

1uTI = u+ 2 + 2 (5.25)

which can be rearranged into

= us + u., 1i + Us-(5.-26)

Note that us + u, = uT- i according to equation 3.56 . Then, using the weak current

assumption, V/ur < < I, to simplify the analysis gives

IuT I l us + U (5.27)

Since the two velocities us and uI are almost collincar (both acting almost in the
X-direction), equation 5.27 gives the basic relationship

_-I ju I + Iu zl (5.28)

Equation 5.28 can be evaluated using 3.57 and 2.17 and averaged over the short wave
period to give

T : g-/-hy( f Ih + a J0(X) I +a,, 1 (X) sin (,th

T I z sin (5.29)
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The alongshore bottom shear stress averaged over thc short wave period is then given

by the usC of 5.2.0

Ty PC vg/h, i-( h+ aJ (,x)1+a ,lJ1 (X) sin w t1V (5.30)

Since 5.29 is still time dependent, the expression is averaged over the long wave period

to fit the steady' formulation

lu-1-1  2/7E N ...f~7 I h + a, (y J0 (X) + J I(X) l}(5.31)

The corresponding longshore bottom stress is given as

fT (5.32)

4. Longsbore Current Models

Obliqluely incident short waves riding on a normally incident long standing

wave are considered to develop steady and unsteady longshorc models.

a. Unsteady Model

Neglecting the nonlinear mean advective terms, the linearized Y-momcntum

flux equation has the form

(5.33

I~ ~ + ntx(.3
it ,

where M I = V p h is the mean longshore mass transport averaged over the short wave

period. No variation in the longshore direction is allowed in equation 5.33, and the
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lateral mixing is ignored for simplicity. Assuming an unsteady longshore current

appears to be more general, especially with the presence of irregular oscillatory waves

(Wood and Mcadows, 1975). Thus, equation 5.33 can be written in terms of the

longshore current V:

;S

h =- + P (5.34)P ;t fITa

The onshore divergence of the radiation stress Syx is considered the significant forcing

for generating longshorc currents and is given by differentiating 3.77,

(x, t) =N*{B*(X) + C*(X)COS Wtt + D*(x)cOs (5.35)
3x

where N is a constant and B*, C and D* are functions of space only. N* is given as

c, sin ,)2

5 2/(5.36)5 h/
B* = tan3 h

and= a. [3h Jo() -2h 3 / 2 WJi(X)

a vg tanaJo(X) - 4 w 'hJ(M

The longshore current forcing, Syx /0 x decreases onshore, then increases closer to

the shoreline, having a singular point at x = 0 (see Fig 5.2 ); the computed values

stop at x = 2 cm. The forcing term is shown to oscillate at the long wave frequency

(Fig 5.2 ). Dividing equation 5.34 by p h and calling the resulting forcing term q*

(x,t), equation 5.34 can be simplified to

3- + p*(xt)V q* (x,t) (5.37)
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where p* is given by

P*(xt) = Cf g/h3{2 -! Ih +aJ 0 (() I +a Jl(X) sin tt : (5.38)

It can be shown that the time dependent term (second term between brackets) is small

compared with the short wave contribution in the swash zone, since uI / Jus I -0 0 at

the shoreline. Equation 5.38 then reduces to

p* (xt)h + a J0 (X) I} (5.39)

Equation 5.37 is completed by specifying the initial condition V(x,O) = 0. An

anal)tical solution to the unsteady longshore current is obtained using an integrating

factor. Despite the fact that both the forcing term and the bed shear stress have a

singular point at the shoreline, the resulting longshore current is well behaved and has

a finite value at the shoreline. The general solution can be expressed in four terms as

V (x,t) = Vsteady + Vunsteady 1 + Vunsteady 2 (5.40)

+ Vtransient

The first term is a steady term and is given by

V= 5 7T sin ct) y2 tanB
steady 8( C Cf A* g

2 2 (5.41)

+-S( c [g tan J(;()

4,J 0 (J W(x) /-h]
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where A* = y ( h+ a, Jo (X)) . The steady term is similar to the

steady solution given by Longuet-Iliggins (1970a) differing only by the second term in

the A expression. The second term in 5.41 is an additional steady component as a

result of the side band formation. The two unsteady terms are functions of the

frequency of the long wave and its first harmonic and are given by

2 2Y 'T ga 2  (sin a)

unsteady 1 2(4 c2 A* 2+ IT 2h3 c

* [3 tan .J 0 x )h 2  'Y' - 2X)h
3  ] (5.42)

* (P* cosW t + W sinw,t)
2 . 2. 2222

V i ag Z9sin a,
Vunsteady 2 32c [ 2  2 S2h 2 a)2gA,2 + iT w 2 ]

tan 2 4 2 (5.43)
[tan ,3J0(X) gh 3 - 4 wZJ 0 (X)Jl(X)h

(P* cos2j Zt + 2 w sin 2w2Zt)

The fourth term in equation 5.40 is the constant of integration

and is evaluated by applying the initial condition at time zero. This term is idcntilied

as a transient term which grows very rapidly to a steady state within a few long wave

periods.

Vtransient - [(Vsteady +Vunsteady 1 +Vunsteady 2 ) (t= 54e-P*t

(5.44)

In the vicinity of the shoreline, the longshore current is found to be finite and steady

and is given by

T y tana a 9(sin a
V1 X=O 16 c f (5.45)
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The spatial distribution of the longshore current is shown in Fig 5.3 . The dominance

of the side bands and the oscillating components starts at the most shoreward 1/5 of

the surf zone width. At the brcakerline, intensive shear occurs as expected in

monochromatic models. Lateral mixing, if added, will diffuse the shear and smooth the

longshore distribution as described before. Comparison with Longuet-Iliggins' (1970a)

model shows an onshore increase of the longshore current and a relative decrease

closer to the breakerline. The decrease is due to the the increase in the bottom shear

stress.

The time variability of the longshorc current is evident in Fig 5.4 , where

the current is shown to oscillate at the infragravity wave frequency. In the vicinity of

the shoreline, the first harmonic (Vunsteady2 ) dominates the fundamental frequency

component. The transient term is just an initial response to the wave system that

becomes negligible within a few infragravity wave periods.

b. Steady Model

For steady flow, equation 5.14 is used in Which the cross-shore gradient of

SYx is balanced by the bottom stress. As in the analysis of the unsteady model, wave

setup is not included. Steady solutions with and without considering lateral mixing are

developed. Averaging over long wave periods is required to eliminate the time

dependency in the equations describing the unsteady models. The bed shear stress is

given by equation 5.32 , and the transverse radiation stress component is obtained by

averaging equation 5.35 over the long wave period. Substituting in equation 5.14 , the

steady longshore current is given by

2
5-T sin a 2 tans gh 2

Vsteady 8( c cfA**

2 2 (5.46)
sin a 'Y 2+ i ) [ tanJ WX

4 4we.0 ("Jl () X /-h]I

where A = y h + a, (y J0 (X) + J! (X )). The first term of 5.46 is similar to the**

steady term in the unsteady case except for A . At the shoreline, the growing side
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bands will have a steady and finite contribution to the longshore current given by

equation 5.45, i.e. for both steady and unsteady models the magnitude of the current is

the same at the shoreline.

Ignoring the exchange of momentum due to horizontal turbulent eddy

transport increases the current shear at the breakerline and results in a sharp

discontinuity in the velocity distribution. The presence of any horizontal mixing

couples the adjacent water elements together and diffuses the momentum in the

cross-shore direction. Adopting the concept of eddy viscosity, Longuet-lliggins

(1970b) expressed the mixing term to be proportional to the mean current V such that

- D3V) (5.47)
T =--(V -.-

yx 'IX X

where v = Np x / is the horizontal eddy viscosity, D is the total water depth and

N is non-dimensional coefficient, (0 < N < 0.16). Thus, the steady Y-momentum flux

equation becomes

dS - (5.4S)__x_ = - r + 77-'-(,) D V

Equation 5.48 can be rewritten as a second order differential equation in V such that

aS ' = ml ( x ) 0 2 V/Ox 2 + m2 (x) aV/ax + m3 (x) V (5.49)

where

MI = N x h --l1

m2 = 5/2 N h 1/9F

m3 = - p cfl uT1 I
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and IuT I is defined by equation 5.31 . Equation 5.49 is solved numerically using a

finite diffierence scheme. The coefficients mi , m2 and m3 are evaluated at mid-points.

A tri-diagonal matrix is generated over a domain equal to twice the surf zone width.

Two boundary conditions are specified at the shoreline and away from the breakerline.

At the shoreline, the eddy viscosity term goes to zero, i.e. the mixing length goes to

zero at a boundary,, and equation 5.48 reduces to 5.14 . Therefore, the steady solution

without considering eddy viscosity, equation 5.45, is used to specify the boundary

condition at the shoreline. This approach is necessary because equation 5.49 is

singular at x = 0, and care must be exerted during the numerical formulation to avoid

mathematical inconsistency. The longshore current is assumed to vanish at a distance

of one surf zone width seaward the breakerline.

Steady longshore current models induced by short and long waves are

shown in Fig. 5.5 compared with Longuet-IHiggins (1970a) model. A comparison with

Longuet-Higgins (1970a) model shows a relative decrease in the current seaward the

inner surf zone. This can be attributed to the increase in the total horizontal velocity

associated with the bottom shear stress. It can be seen that including the lateral

mixing smooths the longshore current profile at the breakerline and shifts the

maximum velocity onshore. The longshore current distribution is similar to the results

obtained from the EOF analysis by Guza et al. (1986) showing a non-vanishing current

at the shoreline (Fig. 1.4).

C. LONGSHORE SEDIMENT TRANSPORT

Incident waves arriving obliquely to the breaking zone, releasing their energy and

momcntum, generate a longshore current which inturn drives the longshore sediment

transport along the beach. Knowledge of sediment transport rate is essential to the

understanding of various coastal engineering problems, such as topographic changes in

beach profiles and the associated marine protective works. For estimating the

longshore sediment transport, there are three general approaches: the wave power

model, the traction approach and Bagnold's energetics model. In the wave power

model, the rate of total longshore transport Q? is simply assumed to be proportional to

the longshore component of wave power I1 at the breakerline to some power n (Watts,

1953),
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Q = K (5.50)

where K and n are empirical coefficients. Pt is given by

p (EC ) CO sin ct (5.51)
g b

which can be expressed in terms of the radiation stress (Longuet-Iliggins, 1972)

P Syx C (5.52)

Inman and Bagnold (1963) found n in equation 5.50 to be unity and suggested the use

of the inmerscd weight sand transport rate

I = , s - PW)g a' Q (5.53)

whcre ps , pw are the density of sand and water and a' is the sand porosity (roughly

0.60). Komar and Inman (1970) measured longshore sand transport rate, combined

their data with other data to seek a general formula. Most of the data falls onto a

single trend satisfying the simple relation

I z  0.77 Pz (5.54)

where Pf is in watts/m when specifying wave height in terms of lIrms and Qeis in m3

/day. I lowever, Equation 5.54 is empirical with no real consideration to sand transport

mechanisms. In addition, the coelicient .77 has a high degree of uncertainty.
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The traction approach includes work done by Bijker (1971), Swart (1976),

Madsen and Grant (1976) and others. For instance, Madsen and Grant (1976) adapted
the Einstein-Brovn sediment transport equations to timc-varying sand movements

under combined wavcs and unidirectional currents. The bottom stress and resulting

sand transport vary with time. Their model is relativly complicated and requires

parameters for which no data are available.

Bagnold's energetic model assumes that the total sediment transport is the sum of

the bed load and the suspended load transport. Bed load is maintained by

grain-to-grain contact within 10 cm of the bottom while the suspended mode,

containing generally finer grains, is lifted from the bed by the turbulent action of the

wave-induced vertical motion. The suspended sediment grains are supported via

turbulent diffusion. They move with nearly the local water velocity. lowever, they

are also falling vertically relative to the local supporting fluid with a fall velocity, W.

Thus, part of the available energy is extracted to maintain the particles in the water

column. Bagnold (1963) developed the total load sediment equation for steady,

two-dinensional stream flow,

= B IS

E (5.55)

Stan4 - tan + -tan B
u

where
i= total immersed weight sediment transport (bed and suspended)

CB = bed load efficiency

cS = suspended load efficiency

(p = internal angle of repose of the sediment

tan J = slope of the stream bed

u = mean velocity of the stream

W = Call velocity of the sediment

12 =rate of energy production of the stream
Inside the surf zone (oscillatory flow), Bagnold (1963) relates the rate of immersed

weight transport to the work done by waves and current on the bed surface. The

mechanics of sand particle movement are described as a back-and-forth motion by the

oscillatory wave motion close to the bed with essentially no net transport. Wave
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energy is expended in supporting and suspending the moving sand above the bed.

Once the sediments are suspended, the presence of any unidirectional current

superimposed on the to-and-fro motion can then produce a net drit' of sediment.

Bagnold (1963) derived the following relationship

i = K' U3  
(5.56)

U

where i0 is the time averaged immersed weight transport rate per unit width in the

direction 0 determined by the unidirectional current u0 , f2 here is the available wave

power due to energy losses by the fluid drag at the bed surface, um is the magnitude of

the orbital velocity of wave motion, and K' is a dimensionless coefficient. The success

of the wave power and Bagnold's energetics approaches is due to their relative

simplicity, requiring only one or two parameters specified from the data.

Equation 5.56 has been used as a basis for the development of a number of

longshore transport models. Inman and Bagnold (1963) specified the various

parameters of waves at the breakerline to calculate the longshore immersed weight

transport rate,

Vb

I K'(EC )bCOS b Um (5.57)
g b m

Equation 5.57 can be viewed as a general relationship because it does not specify the

forcing for the longshore current. It could be due to a tidal current, a nearshore cell

circulation, wind or to oblique wave approach. Komar and Inman (1970) required K'

to be equal to 0.28 to agree with their data.

Bowen (1980) applied Bagnold's model to the problem of on-offshore sediment

transport on beaches with normally incident waves and onshore steady current (no

longshore currents). Bowen used Stokes second order wave theory to predict the

equilibrium beach profile as a function of incident wave characteristics. Using a similar

approach, Bailard and Inman (1981) derived a general bed load equation in the

longshore and cross-shore directions by considering time-varying flow over a sloping
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bottom. Their solution reduces to equation 5.56 for steady, two-dimensional flow and

assuming a weak current and a small angle of incidence. Bailard (1981) extended the

work of Bailard and Inman (1981) to include the suspended sediment load to give a

more general expression. The total longshore sediment transport of Bailard (1981)
solution is given by

B (-2 V
S= PCf tan ( (5.58)

s 3
+ JCf -f jU- V

where the first term on the R.lH.S. represents the bed load and the second term is the

suspended load. The total average sediment transport can be obtained by integrating

equation 5.58 across the surf zone from zero to the breakerline (xb ).

X b

f i dx (5.59)
0 0

Calibration of the model can be done using the wave power model.

There is considerable uncertainty concerning the relative importance of bed load

versus suspended load within the surf zone. According to field measurements,

Komar(1978) suggested that the suspended sediment transport rate accounts for less

than 20%'0 of the total transport. Ilowever, Downing (1984) estimated the suspended

load on a dissipative beach to account for as much as 45% of the littoral drift.

Sternberg et al. (1984) measured the suspended sediment rate at Leadbetter Beach,

Santa Barbara and found that the measured suspended sediment longshore transport

rate is equal to the total longshore transport rate as predicted by equation 5.57 . This

result agrees with the data acquired by Kana and Ward (1981) during a storm.

Sternberg et al. (1984) found maximum suspended sediment occured at the midsurf

zone region, and pointed out that the suspended sediment appears to be high in the

swash-backwash region.

Kraus et al. (1981) measured the longshore sand transport distribution using

multicolor fluorescent sand tracer; a distinct bimodal distribution was obtained.
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Maxima in transport occured in the swash and/or within the breaker zone, where

suspended load transport is expected to be relatively high due to the turbulence. White

and Inman (1986) measured the longshore sediment rate in Santa Barbara and also

found a bimodal distribution across the surf zone with maxima near the break point

and in the swash zone (Fig 5.6 ). They estimated the longshore suspended load to be

roughly 10-30/o of the total longshore transport rate.

The above results show a large volume of sediment in the swash zone which is

not predicted by any available model. Waddell (1973) found a low-amplitude

migration of bed forms which migrated consistently downslope suggesting that uprush

sediment transport was primarily through suspension sediment. Bradshaw (1980)

pointed out that the swash-backwash collision process (low frequency waves) is

significant and results in temporary suspension of a large volume of sediment in the

roll wave. Wright ct al. (1982) demonstrated the dominance of the suspended sediment

in the inner and swash zone using a turbidimeter situated 10 cm above the bed. The

time series shows pronounced turbidity maxima at infragravity intervals. In general,

the predictions of littoral drift have a high degree of uncertainty, which results partly

From our basic inability to make accurate measurements of sand transport on beaches.

1. Longshore Sediment Transport due to short and long waves

The incident waves are assumed to approach obliquely the surf zone at a small

angle riding on a cross-shore long standing wave. Following Bailard (1981), equation

5.5S is used to calculate the total longshore sediment transport distribution. Based on

laboratory and field data, Ilailard (1981) estimated the elliciency coefficients to be EB

= 0.13 and CS = 0.025 and W =0.04 m/sec . The total horizontal velocity squared

avcragcd over long wave period is used in evaluating the bed load term in equation

5.58

2 (

- 1 2 g + a 2 (1 ) 2 (5.60)
uT h gh + +

Similarly, the averaged cubic total horizontal velocity is evaluated to calculate tile

suspendcd load term,
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UT 3  1i2 3(gh3/2 + 3y 2

U = , aZg/gh [ 2"J 0 (\) +Jl ( 'CO) ] (5.61)
2 2

/3h a1 + 2J 0 (X)]
33 3 3 2 2

ha ( 2,( J 0 ( X) + J 1 (X) + f Y J 0 (X)JI(X)]}

The steady longshore current, with lateral mixing added, is

utilized to derive the sediment alongshore. The longshore sediment transport

distribution due to the combined waves is shown in Fig 5.7. Note that including the

lateral mixing smooths the distributions of both the longshore current and sediment

transport at the brcakerline. The resulting distribution qualitatively simulates the

bimodal distribution given by White and Inman (1986), since it describes the maximum

sediments near both the shoreline and the breakerline.

Unlike previous models, the wave energy has been shown to exist at the shore

(in the swash zone), and hence observable dynamical processes can be described

analytically. None of the available models for predicting the longshore sediment

transport explain the increase in longshore sediment transport in the swash zone. All

the previous models predict no transport at the shoreline which has been shown to be

unrealistic. It is shown that the longshore sediment transport model presented here

estimates correctly the bimodal distribution and shows the dominance of the suspended

load, which agrees with some of the above results. The main improvements of the

presented model are the inclusion of the infragravity waves and, therelbre, describing

the swash dynamics and the increase of sediment transport at the shoreline.

D. MODEL VALIDATION

'I he wave-wave interaction approach within the inner surf zone suffers from our

inability to model the breaking process accurately. Nonetheless it can lead to greater

insight into the inner surf zone dynamics. Several assumptions are necessary for

simplifying the analysis due to the complexity of real surf zone processes, but it is

believed that they have some physical basis. It is assumed that the linear theory

describes the waves adequately for the order of the analysis, and inside the surf zone

spilling breakers are assumed, where wave height is strongly controlled by the local

depth. Non-breaking long period waves on a plane sloping bottom are assumed to be

either leaky mode or edge waves with a frequency o)1 < < (Js . Basic assumptions of

straight and parallel beach contours have been used for simplicity where no longshore

dcpth variation is allowed. Plane sloping bottom is assumed for simplicity. The
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sensitivity of the model to the change in beach slope is clear since infragravity waves

modify the local water depth and, therefor modulate the total energy. Limitation to

narrow banded incident and infragravity waves is required for the model input. It must

be noted that using a monochromatic description of both incident and infragravity

waves may raise questions about quantitative predictions since the processes in nature

are stochastic. llowever, the developed model gives a number of qualitative results

which may be useful in understanding the inner surf zone dynamics. Application of the

model to different nearshore processes leads to a simple physical picture of the nature

of the wave-wave interactions in the inner surf zone. The validity of this model is

conlirmed by comparison with field data, where the resulting distributions at least

qualitatively simulate actual distributions.
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VI. SUNIMARY AND CONCLUSIONS

The modulation of incident short period wind waves superposed on infragravity

waves are investigated. Modeling tile short waves as depth limited breakers, the short
waves are shown to be modulated in amplitude, wavenumber and direction due to the

slowly varying depth caused by the long standing waves. Furthermore, modulation
results in additional energy at the side band frequencies near the incident wave peak.

The energy calculations show a gradual growth of the side bands onshore with

non-vanishing energy at the shoreline (order of 15%). An analytical expression is

developed to describe the surface elevation of the modulated short waves as an infinite
sum of spectral components at the incident and side bands frequencies. It is shown

that the modulated short wave transfers energy to the side bands as the depth

decreases. Therefore, it is suggested that the spectral components of the lower side

bands may strengthen the infragravity wave band as the depth decreases resulting in
the infragravity waves dominating the power spectra.

The changes in the wavenumber and direction of the short wave due to the
presence of a long wave are calculated by using a moving frame of reference that

reduces the non-breaking long wave to a slowly varying current. On a plane sloping
beach, the wavenumniber modulation is shown to increase with increase angle of wave

approach. The excess momentum flux components and bed shear stress due to the
combined waves are rederived analytically and show periodicity at the frequency of the

long waves.
Spectral analysis shows the dominance of the infragravity waves closer to the

shoreline. Using narrow band data with high resolution (df = .004 hll), side band
peaks can be identilied at frequencies (fs ± f, ). On almost all days and for all the

instruments, the upper side band is well defined in the power spectra, but the lower side

band is suppressed. *rhe reason for the lack of the lower side bands on most days is

not knovn. I lowever, breaking of the low flequency waves and/or radiation of energy
by outgoing component of' the standing wave may cause suppression of the lower side

bands.

Most days show a positive correlation between the incident wave envelope and
low frequency motion inside the surf zone, while a negative correlation is observed in
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deeper water in agreement with Longuet-Higgins and Stewart's (1962) explanation of

forced waves. The positive correlation is explained by the short wave modulation due

to the presence of long waves. However, the values of the measured cross correlation

coefficients are found to be low (although statistically significant), partly due to the

reflected wave field, that decreases the coherence (Elgar, 1985). On some days, the

observed zero cross-correlation was found at approximately the breakerline and other

days in the inner surf zone. This may suggest a nodal point for a standing wave and/or

a transition location between forced and free long waves.

It is hypothesized that some of the often observed discrepancies with present

short wave dynamical models occurring in the inner surf zone are due to the interaction

between the incident waves and the infragravity waves. The derived expressions for

energy and momentum fluxes are utilized to study wave setup, longshore current and

sediment transport in the inner surf zone.

Wave setup calculations show an increase in the mean water level compared

with setup due to the short wave only. This is because the breaking short waves are

depth controlled and the depth is slowly varying due to the presence of the long waves.

Consequently, energy at side bands is generated and the setup is increased.

A steady longshore current driven by oblique short waves riding on cross-shore

long period waves, is found to be finite at the shoreline due to the presence of finite

side band energy. The model, in general, predicts smaller currents than

Longuet-Higgins'( 1970a) model because of the relative increase in bed shear stress due

to the presence of long waves. In the derived analytical expression, contributions by

the short waves and side bands can be identified. It is shown that the cross-shore long

wave does not contribute to the forcing term, 8 Syx / 8 x, since it is averaged out.

It is more general to consider an unsteady longshore current. The analytical

solution for an unsteady longshore current shows three major terms: a transient term

that vanishes after a few long wave periods, a steady term similar to the one obtained

in the steady model, and an unsteady term which oscillates at the long wave frequency,

but driven by the momentum changes at the side band frequencies, and acts closer to

the shore line. This unsteadiness is attributed to the side band formation.

An improved longshore current model is necessary to improve the longshore

sediment transport formulation. Based on the sediment transport model by Bailard

(1981) and using the developed steady longshore current model, a longshore sediment

transport distribution is calculated. The model predicts sediment transport maxima at
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the shoreline and the breakerline. The results Qualitatively, the results compare

favorably with various field data by Zenkovich (1960); Kraus et al., (1981), and White

and Inman (1986).

It is recommended to include the wave setup in the longshore current models.

Numerical solution for the unsteady longshore current including the large angle of

wave incidence and assuming a strong current is of interest. Numerical solutions can

be compared with the obtained analytical results. Actual depth profiles are

recommended to use in computing the longshore sediment transport rate to compare

quantitatively with the data.
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